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PREFACE 


This  report,  prepared  by  Continental  Aviation  and  Engineering 
Corporation,  covers  the  design  of  the  fuel  pump  and  fuel  control  for 
the  Continental  Model  357-  1  tip  turbojet  engine.  Ihis  work  was  ac¬ 
complished  under  Hiller  purchase  order  HAC-1-64,  Contract  DA  44 
177- AMC-25(T),  and  conducted  by  Chandler  Evans  Corporation,  West 
Hartford,  Connecticut,  under  subcontract  to  CAE. 

The  fuel  control  system  requirements  were  analyzed,  with 
the  most  serious  attention  being  given  to  the  extremely  high  g  forces 
under  which  the  control  will  operate.  A  complete  system  design  was 
prepared  after  study  and  design  of  each  of  the  components. 

This  report  is  one  of  a  series  of  three  documents  submitted  to 
fulfill  the  requirements  of  Hiller  purchase  order  HAC-1-64,  Article  1 
Statement  of  Work,  Item  (3)(e).  The  reports  include: 

"Continental  Model  357-  1  Tip  Turbojet  Engine  -  Engine  Design," 
Heavy-Lift  Tip  Turbojet  Rotor  System,  Volume  XI,  CAE  Report 
No.  942,  U.S.  Army  Transportation  Research  Command,  Fort 
Eustis,  Virginia,  June  1965. 

"Continental  Model  357-  1  Tip  Turbojet  Engine  -  Fuel  Pump  and 
control  System  Design,"  Heavy- Lift  Tip  Turbojet  Rotor  System, 
Volume  XII,  CAE  Report  No.  943,  U.S.  Army  Transportation  Re¬ 
search  Command,  Fort  Eustis,  Virginia,  June  1965. 

"Continental  Model  357-  1  Tip  Turbojet  Engine  -  Preliminary 
Model  Specification,"  Heavy-Lift  Tip  Turbojet  Rotor  System, 
Volume  XIII,  CAE  Model  Specification  No.  2253,  U.  S.  Army 
Transportation  Research  Command,  Fort  Eustis,  Virginia, 

June  1965. 
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INTRODUCTION 


This  report  presents  the  design  of  a  fuel  pump  and  control  sys¬ 
tem  for  the  Continental  Model  357-  1  tip  turbojet  engine.  At  the  initia¬ 
tion  of  this  program,  it  was  apparent  the  problems  of  designing  and 
developing  a  fuel  control  and  fuel  pump  for  a  tip  turbojet  application 
would  be  severe.  The  major  difficulty  was  due  to  the  extremely  high 
g  field,  which  rendered  many  conventional  concept?  of  parameter 
measurement  and  system  mechanization  impossible,  as  well  as  the 
effect  of  extreme  variation  in  fuel  pressure  supplied  to  the  engine, 
which  creates  structural  and  sealing  problems  in  itself. 

BASIC  CONTROL  DESIGN 


Chandler  Evans  Corporation  was  selected  to  design  the  con¬ 
trol  system  because  of  their  success  with  the  J69-T-29  engine  fuel 
control  (the  basic  engine  from  which  the  Model  357-1  is  derived),  as 
well  as  their  experience  and  familiarity  with  the  fuel  control  of  gas 
turbine  engines  in  conventional  helicopters.  Chandler  Evans  Engi¬ 
neering  Report  No.  R-194.  describing  the  control  system  design,  is 
included  in  this  report. 

FORWARD  FLIGHT  CONTROL  REQUIREMENTS 


Engine  control  during  hover  conditions  is  a  known  art  with  the 
exception  of  operating  in  a  high  g  field,  which  is  covered  herein.  For¬ 
ward  flight  conditions,  however,  introduce  variables  which  are  diffi¬ 
cult  to  predict  and  are  not  encountered  in  any  other  application. 

During  hover,  the  engine  operates  at  a  constant  flight  speed 
equal  to  the  rotor  tip  speed  -  in  this  case,  420  knots.  During  forward 
flight,  the  airspeed  encountered  by  the  engine  varies  from  this  figure 
through  a  range  of  plus  and  minus  125  knots  at  maximum  flight  speed, 
and  this  cycle  occurs  approximately  two  times  per  second  in  the  ap¬ 
plication  under  consideration.  The  resulting  change  in  ram  effect 
causes  changes  in  engine  pressure  ratio  and  airflow  which  result  in 
changes  in  thrust  as  shown  in  Figure  1.  This  figure  is  derived  from 
Figure  2  by  plotting  thrust  versus  airspeed  along  constant  engine  r.p.  m. 
lines  over  the  speed  range  of  420  knots  plus  and  minus  forward  flight 
speed. 


Inlet  losses  cause  certain  additional  loss  of  thrust  when  the 
engine  axis  is  not  parallel  to  the  direction  of  flight  since  the  resultant 
ram  into  the  nacelle  is  not  parallel  to  the  engine  axis,  and  distortions 
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in  pressure  and  flow  result.  Tests  were  run  on  a  J69-T-29  engine  to 
determine  the  effect  of  known  inlet  distortions;  test  results  will  be 
verified  when  the  engine  nacelle  design  is  evaluated  during  wind-tunnel 
testing.  These  factors  do  not  affect  the  maximum  and  minimum  thrust 
available  as  a  result  of  forward  flight  speed  and  so  do  not  affect  the 
control  problem  of  limiting  the  magnitude  of  the  change  in  turbine  inlet 
temperature  to  values  consistent  with  good  engine  life. 

In  order  to  determine  the  effect  of  the  change  in  actual  engine 
flight  speed  on  engine  performance,  an  initial  analysis  was  made  to 
determine  the  extremes  to  which  the  forward  flight  condition  might 
move  engine  parameters  such  as  turbine  inlet  temperature,  engine 
speed,  fuel  flow,  and  thrust  if  no  fuel  control  compensation  were  af¬ 
fected.  For  the  purpose  of  these  analyses,  instant  engine  response, 
zero  fuel  transfer  time,  and  zero  inlet  loss  were  assumed,  so  that  the 
engine  is  assumed  to  have  reached  stable  operating  conditions  in¬ 
stantly  at  each  mode  condition. 

A  set  of  generalized  performance  curves  of  corrected  fuel 
flow  and  turbine  temperature  ratio  were  prepared  for  the  engine  and 
are  shown  in  Figure  3. 

The  engine  inlet  conditions  at  several  points  of  rotor  location 
during  the  rotor  rotation  were  then  computed;  that  is.  for  the  advanc¬ 
ing  blade  and  retreating  blade.  The  mode  conditions  at  fixed  engine 
speed  or  fixed  fuel  flow  were  then  imposed  and  the  corresponding  par¬ 
ameters  calculated  from  the  generalized  curves.  The  results  of  this 
process  are  shown  in  Figures  4  and  5. 

Analyses  of  the  change  in  turbine  inlet  temperature  at  constant 
engine  speed,  change  in  turbine  inlet  temperature  at  constant  fuel  flow, 
and  fuel  flow  change  at  constant  turbine  inlet  temperature  were  made 
for  100*knots  flight  speed  at  60-percent  power  (cruise  condition)  and 
125*knots  flight  speed  at  100-percent  power  (emergency  climb  condi¬ 
tion).  These  studies,  with  the  assumptions  that  were  made,  deter¬ 
mined  the  maximums  and  therefore  present  the  extreme  requirements 
for  fuel  flow  compensation  in  order  to  limit  the  excursions  of  turbine 
inlet  temperature  to  values  compatible  with  good  engine  life.  They 
show  that  the  change  in  turbine  inlet  temperature  when  fuel  flow  is 
constant  is  too  great  (plus  156°F  to  minus  72°F)  so  that  fuel  flow 
changes  are  required  during  the  cyclic  variations  in  ram.  The  tem¬ 
perature  changes,  when  engine  r.  p.  m.  is  held  constant,  are  not  exces¬ 
sive  and  it  was  decided  that  fuel  control  based  on  holding  engine  speed 
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constant  would  be  satisfactory.  The  governor  selected  will  accommo- 
date  the  necessary  flow  variations  in  the  time  available  for  making  the 
change. 


It  should  be  remembered  that  the  values  shown  in  Figures  4 
and  5  assume  instant  engine  response  time.  When  engine  inertias 
are  factored  into  the  analysis  they  will  reduce  the  magnitude  of  the 
change  in  the  parameters  which  have  been  plotted.  The  engine  iner¬ 
tia  will  cause  the  engine  speed  to  lag  behind  the  instantaneous  value 
assumed  and  will  reduce  the  amplitude  of  the  speed  change.  This 
will  in  turn  reduce  the  amplitude  of  the  engine  airflow  change  and 
the  amplitude  of  the  turbine  inlet  temperature  change  as  well. 

Fuel  transportation  time  is  the  length  of  time  required  for  a 
change  in  fuel  flow  to  travel  from  the  control  and  result  in  a  change 
in  engine  performance.  In  the  J69-T-29  engine  this  time  lag  is  0.  IS 
to  0.  25  second  in  duration,  depending  on  engine  speed,  and  consists 
primarily  of  dwell  time  in  the  fuel  slinger.  The  g  field  at  the  rotor 
tip  may  make  significant  changes  in  this  value,  but  the  magnitude  of 
the  change  cannot  be  determined  until  whirl  testing  of  the  engine  is 
underway.  However,  transportation  lags  of  this  duration  are  equiva¬ 
lent  to  a  change  in  rotor  position  of  approximately  100°,  and  when 
engine  inertias  are  factored  in  this  phase,  lag  may  approach  180°. 
This  suggests  that  an  anticipatory  circuit  is  required  to  ensure  that 
the  changes  in  fuel  flow  required  to  hold  engine  speed  constant  reach 
the  burner  at  the  proper  time. 

The  circuit  shown  in  Figure  6  has  been  devised  to  accomplish 
the  necessary  anticipation  in  fuel  flow  changes.  It  represents  the  ex¬ 
treme  in  control  devices  which  could  be  required.  Regardless  of  the 
type  of  fuel  flow  variation  required  and  its  phase  of  relationship  with 
rotor  position,  this  system  will  maintain  control  of  the  engine  within 
the  desired  limits. 

The  device  labeled  "Flight  Speed  Compensator,  "  Figure  6, 
would  measure  as  input  parameters:  Pfotal  ^©1’  ***•  total  air  pres¬ 
sure  measured  in  the  direction  of  flight:  Pstatic  hel’  ****  static  air 
pressure:  #rotor*  the  angular  position  of  the  rotor  blade  with  respect 
to  the  longitudinal  axis  of  the  helicopter:  and  Brotor,  the  rotor  blade 
collective  pitch  setting  (as  a  measure  of  engine  power  level).  It 
would  then  compute  the  change  in  fuel  flow  necessary  to  keep  engine 
speed  constant  as  a  function  of  blade  position.  This  change  in  fuel 
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(low  would  be  superimposed  on  the  engine-controlled  fuel  (low  at  the 
proper  time  to  have  the  desired  e((ect  on  engine  per(ormancc  The 
computer  would  be  mounted  in  the  aircraft  and  would  (urnish  its 
electrical  signal  to  each  engine  as  it  reached  the  signiftcant  position 

Should  whirl  testing  reveal  that  engine  response  time  and  re¬ 
duced  (uel  transportation  time  reduce  turbine  inlet  temperature  changes 
as  is  expected,  other  simpler  circuits  are  available  and  will  be  em¬ 
ployed.  Since  the  computer  is  to  be  mounted  in  the  aircraft  away  from 
the  rotor  tip  g  fteld,  development  problems  are  at  a  minimum  and 
simpli(ication  o(  design  can  be  readily  accomplished. 


4 


SUMMARY 


This  report  contains  the  result  of  a  study  contract  from  CAE 
to  design  and  lay  out  a  tucl  control  which  would  operate  a  rotor  tip 
mounted  engine  (CAE  Model  357-  1)  in  a  235g  field. 

Based  on  preliminary  tests  and  analytical  design  studies,  the 
fuel  control  system  recommended  is  a  combined  hydromechanical  and 
electronic  control  system  which  includes  an  engine-driven  fuel  pump. 
Figure  7  is  a  schematic  of  the  control  system.  Studies  indicate  that 
the  proposed  design  can  be  developed  so  that  production  component*? 
can  be  assembled  without  requiring  special  whirUrig-component  bal¬ 
ancing  tests. 

The  design  philosophy  is  based  on  power  amplifying  input  sig¬ 
nals  to  high  force  levels, thereby  minimizing  the  force  output  require¬ 
ments  of  the  input  signal  sensors  due  to  erroneous  forces  produced  by 
the  g  field.  Also,  by  power  amplifying  input  signals,  precise  balan¬ 
cing  of  linkages,  shafts,  and  so  forth  is  not  required.  The  effect  of 
the  g  field  on  the  primary  sensing  and  feedback  elements  can  be  mini¬ 
mized  by  proper  orientation.  Preliminary  tests  show  that  springs  and 
bellows  can  withstand  the  g  field  in  a  lateral  direction  with  negligible 
change  in  the  axial  force.  This  concept  is  validated  in  the  appendix 
of  this  report. 

The  proposed  design  utilizes  state-of-the-art  components. 
Therefore,  the  development  effort  will  be  concerned  primarily  with 
the  details  of  testing  to  determine  the  effects  of  the  g  field  on  control 
accuracy. 
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CONCLUSIONS 


1.  Sufficient  design  data  are  presented  herein  to  permit 
a  detail  design  and  fabrication  of  the  fuel  control  and 
fuel  pump  for  subsequent  whirl  testing  to  substantiate 
the  design  in  the  high  g  field. 

2.  A  major  difficulty  in  the  design  of  the  system  has  been 
to  ensure  operation  in  the  extreme  g  field  at  the  rotor 
tip. 

3.  Engine  control  difficulties  due  to  the  cyclic  variation 
of  inlet  conditions  are  difficult  to  analyze  and  will  re¬ 
quire  engine  test  data  from  simulated  operation  to  de¬ 
termine  their  magnitude  and  any  requirements  for 
special  control  system  functions. 

4.  A  study  of  control  requirements  for  operation  under 
conditions  of  forward  flight  must  be  postponed  until 
transient  data  from  engine  whirl  stand  testing  is  ob¬ 
tained. 
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1. 


TECHNICAL  BACKGROUND 


This  report  contains  the  Chandler  Evans  Corporation  findings 
in  a  study  program  authorized  by  Continental  Aviation  and  Engineering 
Corporation.  The  study  was  conducted  to  fulfill  the  following  work 
statement,  in  accordance  with  the  requirements  of  Reference  1. 

1.  1  Work  Statement 


As  provided  by  the  Continental  Aviation  and  Engineering  Cor¬ 
poration,  the  vendor  shall  furnish  the  following: 

a)  A  fuel  system  design  report  describing  a  fuel  system 
design  in  accordance  with  Reference  1  with  discussion 
covering  the  reasons  for  selection  of  components  and 
type  of  design,  and  so  forth. 

b)  A  layout  of  the  fuel  system  design  suitable  for  detailing. 

c)  Engineering  assistance  and  coordination  with  CAE  per¬ 
sonnel  in  the  establishment  of  satisfactory  installation 
provisions  and  criteria  for  the  fuel  system  designed. 

d)  Monthly  progress  reports  due  at  CAE  the  15th  of  each 
month. 

1. 2  Engine  Operating  Requirements 

The  engine  operating  requirements  are  specifically  stated  in  the 
CAE  fuel  control  specification,  Reference  1,  and  excerpts  from  this 
specification  are  provided  as  a  recapitulation  of  the  more  important 
requirements. 

To  protect  the  engine  from  surge  and  overtemperature  and 
also  to  permit  rapid  engine  acceleration,  the  acceleration  fuel  sched¬ 
ules  as  provided  in  Figure  8  are  required.  The  engine  requi. ' d 
steady-state  schedules  are  depicted  in  Figure  9.  Acceleration  sched¬ 
ules  are  to  be  maintained  within  an  accuracy  of  +_  3  percent  or  _+  20 
p.  p.h.  ,  whichever  is  greater. 

Engine  speed  is  to  be  controlled  within  +_  l  percent  of  the  100- 
percent  speed  condition  and  within  5  percent  at  the  50-percent  speed 
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condition.  As  discussed  in  paragraph 6. of  this  report,  these  con¬ 
trolled  engine  speed  requirements  will  be  met  for  operating  condi¬ 
tions  wherein  the  rotor  is  whirling  but  the  aircraft  forward  flight 
speed  is  zero.  A  more  rigorous  nonlinear  dynamic  analysis  must 
be  performed,  which  cannot  be  conducted  with  data  now  available, 
to  specify  and  design  a  control  which  will  hold  engine  Bpeed  constant 
during  forward  flight  speed  of  the  aircraft. 

The  fuel  control  system  is  to  operate  in  accordance  with  the 
requirements  of  Reference  1  over  the  following  conditions  of  oper¬ 
ation: 

a)  Altitude  -  sea  level  to  25,  000  feet 

b)  Ram  pressure  ratio  -  1  to  1.7 

c)  Ambient  temperature  -  in  accordance  with  Figure  1 
of  M1L-E-5007B 

d)  Force  Held  at  engine  -  0  to  259g 

The  acceleration  force  field  of  (d)  will,  under  normal  conditions,  be 
235g  with  transient  loads  to  259g  for  periods  up  to  1  minute.  The 
control  system  shall  be  designed  to  withstand  peak  loads  of  up  to 
367g  without  structural  failure. 

The  fuel  control  system  must  be  capable  of  continuous  oper¬ 
ation  when  supplied  by  air  at  ram  or  ambient  temperatures  from  -67° 
to  +130  F  in  the  tanks.  The  effects  of  the  installation  on  fuel  temper¬ 
ature  are  to  be  determined. 


2.  DESIGN  CRITERIA 
2.  1  Major  Control  Considerations 

Due  to  the  location  of  the  engines  at  the  tip  of  the  rotary  blade, 
an  unusually  large  acceleration  force  becomes  apparent.  It  has  been 
specified  that  this  loading  can  range  in  magnitude  from  0  to  367 
times  gravity  in  the  plane  of  rotation  of  the  blade.  It  is  this  artificial 
gravitational  field  which  causes  major  considerations  to  be  given  to 
areas  which  in  fuel  control  systems  of  conventional  applications  would 
require  no  special  attention. 
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Any  method  of  signal  sensing  and  conversion  for  computation 
purposes  whi<h  relies  upon  a  force  calibration,  such  as  pressure  regu¬ 
lators,  pressure  transducers,  and  force  feedback  servo  systems  must 
be  designed  to  be  insensitive  to  the  artificial  g  field. 

Since  fuel  will  be  supplied  through  the  rotor  blade  Jo  the  engines, 
the  blade  will  act  as  a  centrifugal  pump  which  develops  pressures  up¬ 
wards  of  3000  p.  s  i.  at  the  control  inlet.  Consideration  may  therefore 
be  given  to  the  possibility  of  eliminating  the  normally  required  engine- 
driven  fuel  pump.  In  any  event,  the  handling  of  the  high  fuel  pressure 
levels  with  regard  to  maximum  control  pressure  limits,  fuel  bypass¬ 
ing  capability  for  hydraulically  operated  servo  systems,  and  fuel 
shutoff  must  be  carefully  considered. 

Structural  considerations  due  to  the  high  force  levels  and  com¬ 
ponent  orientation  must  also  be  specially  considered. 

2.  2  Outline  of  Study 

After  examining  the  engine  requirements,  the  basic  functions 
which  the  control  must  perform  were  established.  A  block  diagram 
representation  of  the  control  was  prepared  as  illustrated  in  Figure  10. 

Before  the  study  concerning  the  component  mechanisms  and  the 
system  considerations  was  begun,  certain  limitations  and  conditions 
were  set  up  to  concentrate  the  study  effort  in  the  most  useful  areas. 

a)  A  limitation  was  set  up  that  only  present  state-of-the- 
art  methods  would  be  considered. 

b)  A  condition  was  established  so  that  whirl  tests  to  per¬ 
mit  balancing  of  any  part  of  the  control  for  operational 
purposes  would  not  be  required  after  the  control  is 
developed.  This  would  not  rule  out  the  whirling  of 
each  unit  as  a  test  procedure  upon  final  calibration 

to  ensure  the  control's  insensitivity  to  the  g  field.  In 
other  words,  manufacturing  tolerance  and  design  tech¬ 
nique  must  in  themselves  render  the  control  insensitive 
to  the  g  field. 

c)  A  second  simplifying  but  reasonable  condition  is  that 
the  direction  of  the  g  loading  can  be  predicted  and  will 
remain  within  +  2°  of  that  direction. 
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With  the  limitations  and  conditions  set  up,  the  study  was  con* 
tinued  on  the  basis  of  investigating  various  methods  of  sensing,  con¬ 
verting,  and  amplifying  the  engine  parameters  to  outputs  which  could 
be  used  for  computing  the  required  control  schedules  and  yet  be  sensi¬ 
tive  to  the  g  field.  Various  modes  of  computing  were  next  investi¬ 
gated  along  with  system  studies,  and  then  the  combination  of  elements 
evidencing  the  least  development  effort  and  most  probability  for  suc¬ 
cess  were  joined  to  form  the  schematic  for  the  control  system,  Figure 
7  .  By  this  reasoning,  alternate  methods  of  design  which  require  con¬ 
siderably  more  development  effort  may  provide  a  more  simplified  de¬ 
sign.  However,  it  was  considered  more  important  to  select  a  design 
which  would  provide  satisfactory  operation  as  a  primary  goal,  with 
the  capability  for  simplification  as  a  secondary  goal. 

A  preliminary  investigation  of  the  effects  of  forward  flight  on 
engine -control  operation  was  conducted.  It  was  discovered  that  one 
of  the  major  engine  parameters  affecting  the  system  response  is  the 
fuel  system  delay  time.  This  delay  time  is  defined  as  the  time  re¬ 
quired  for  a  change  in  fuel  flow  occurring  at  the  fuel  control  to  be 
reflected  as  the  initiation  of  a  change  in  engine  speed.  The  major 
part  of  this  delay  time  is  the  transport  time  required  for  fuel  enter¬ 
ing  the  fuel  tube  leading  to  the  fuel  slingcr  to  be  injected  into  the  com¬ 
bustor.  It  is  anticipated  the  g  field  in  which  operation  is  intended  will 
have  a  major  effect  on  this  delay  time,  and  that  this  effect  will  be  un¬ 
predictable.  Therefore,  it  was  decided  that  determination  of  control 
modifications  or  additions,  if  any,  which  would  be  required  to  accom¬ 
modate  forward  flight,  must  be  postponed  until  whirl  stand  engine  test¬ 
ing  has  been  accomplished  and  transient  data  is  available. 

Specific  design  of  the  system  was  then  undertaken  to  a  suffi¬ 
cient  extent  so  that  a  typical  layout  drawing  of  the  proposed  control 
could  be  prepared. 

3.  SYSTEM  SELECTION 


The  schematic  diagram  of  Figure  7  depicts  the  fuel  pumping 
and  control  system  which  has  been  selected  on  the  basis  of  the  study 
conducted. 

3,  1  Functional  Description  of  Control  System  Selected 

The  control  system  design  which  has  resulted  from  this  study 
is  shown  schematically,  Figure  7  .  It  is  a  combination  of  hydrome¬ 
chanical  and  electronic  design,  and  depends  upon  servo  systems 
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providing  forc  es  whic  h  render  negligible  the  efforts  of  the  g  fit  Id, 
and  upon  orientation  of  springs,  bellows,  and  so  forth  in  stall  ,i  fash¬ 
ion  as  to  nullify  the  effects  of  the  g  field  upon  the  accuracy  of  the 
measurements  these  components  are  used  for. 

Referring  to  the  schematic  diagram,  fuel  from  the  rotor  (PR> 
enters  the  control  and  passes  through  the  upstream  shutoff  valve. 

This  valve,  closed  when  the  power  lever  is  placed  in  the  "off  posi¬ 
tion,  prevents  high  pressure  fuel  entering  the  case  under  no  flow 
conditions.  The  fuel  then  passes  through  two  stages  of  inlet  pressure* 
regulators  which  function  by  throttling  the  incoming  flow.  These  (one 
coarse  and  one  fine  regulator  in  series)  reduce  the  incoming  fuel  pres¬ 
sure  to  a  normal  value  such  that  conventional  hydraulic  circuitry  can 
be  used  in  the  control,  as  well  as  reducing  the  structural  requirements 
of  the  control  casing.  Both  regulators  are  vented  to  ambient  pressure 
through  a  safety  shutoff  valve  which  will  prevent  leaks  in  case  of  in¬ 
ternal  failure.  Downstream  of  the  regulators  is  a  safety  shutoff  valve 
which  will  prevent  high  pressure  fuel  from  entering  the  control  in  the 
event  of  a  double  regulator  failure. 

The  fuel  then  passes  through  a  screen  into  the  inlet  to  the  genr 
pump.  The  pump  is  mounted  with  the  gear  centerlines  vertical  to  the 
g  field,  such  that  the  g  forces  tend  to  balance  the  pressure  forces  and 
unload  the  pump  bearings. 

From  the  pump  the  fuel  goes  to  a  metering  head  regulating 
valve.  This  valve  is  positioned  by  pump  discharge  pressure  (Pp),  op¬ 
erating  against  the  valve  end  opposed  by  metered  pressure  (Pm)  and 
spring  force  operating  against  a  diaphragm,  of  area  equal  to  the  valve, 
and  maintains  a  constant  metering  head  (pressure  differential)  across 
the  metering  valve  by  bypassing  excess  flow  back  to  pump  inlet.  This 
allows  the  flow  delivered  by  the  control  to  be  established  entirely  by 
the  area  of  the  metering  valve.  Just  ahead  of  the  metering  valve  is  a 
cross-wash,  self-clearing  filter  which  provides  clean  fuel  for  the  hy¬ 
draulic  servo  circuits  in  the  control. 

Downstream  of  the  metering  valve  is  a  pressurizing  valve  which 
maintains  the  system  pressure  high  enough  (above  engine  back  pressure) 
to  ensure  adequate  functioning  of  the  bypass  system.  The  flow  then 
passes  through  the  downstream  shutoff  valve  and  into  the  engine.  This 
valve,  when  closed,  bypasses  metered  flow  back  to  pump  inlet,  and 
prevents  the  control  from  being  drained  by  g  forces  in  the  event  of  in¬ 
flight  shutdown. 
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As  mentioned  previously,  the  metered  flow  delivered  to  the 
engine  is  established  by  the  position  of  the  metering  valve.  The  me¬ 
tering  valve  is  positioned  by  a  spring  which  maintains  the  valve  in 
contact  with  a  pushrod  (unless  restrained  by  maximum  and  minimum 
stops  which  establish  maximum  and  minimum  flow  settings).  The 
pushrod  position  is  established  by  a  mechanical  multiplying  linkage 
as  the  product  of  the  compressor  discharge  pressure  signal  (Pcd)  and 
the  fuel  flow/compressor  discharge  pressure  ratio  (Wf/Pccj)  estab¬ 
lished  by  the  3D  (three-dimenf.io  al)  cam  acceleration  and  governing 
circuits. 

The  compressor  discharge  pressure  is  measured  by  a  bellows 
opposed  by  an  evacuated  bellows  of  equal  area,  such  that  the  force 
produced  is  a  function  of  the  absolute  value  of  the  Pc(j.  This  force 
is  transmitted  by  means  of  a  lever  to  a  flapper  valve  which  controls 
the  flow  through  a  half  area  type  of  servo.  Opening  the  valve  causes 
flow  to  pass  through  the  servo  piston  orifice  creating  a  pressure  drop 
which  forces  the  piston  to  the  left.  This,  in  turn,  compresses  the 
feedback  spring  until  the  spring  forces  match  the  bellows  force  and 
moves  the  valve  toward  "closed."  Closing  the  valve  equalizes  the 
pressure  on  both  sides  of  the  piston,  causing  the  pressure  to  operate 
on  the  area  of  the  piston  rod  forcing  piston  and  rod  to  move  to  the 
right,  reversing  the  action.  Thus,  the  output  of  this  system  sets  the 
position  of  the  double  rollers  in  the  Wf/Pc<j  multiplier  as  a  function 
of  the  absolute  value  of  the  compressor  discharge  pressure.  The 
roller  position  in  turn  establishes  the  radius  at  which  the  W£/Pc(j 
lever  from  the  computer  circuit  drives  the  metering  valve  pushrod. 

The  computer  circuit  establishes  the  position  of  the  Wf/Pcd 
lever  as  a  function  of  engine  speed  and  inlet  air  temperature  for  ac¬ 
celeration  limiting  (from  the  surface  of  the  3D  cam),  and  as  a  func¬ 
tion  of  engine  speed  and  power  lever  position  (again  compared  as  a 
second  surface  on  the  3D  cam)  for  governing. 

Engine  speed  is  measured  with  a  variable  reluctance  magnetic 
pickup  and  transmitted  to  an  electronic  control  box.  This  is  com¬ 
pared  with  the  cam  position,  measured  in  the  same  fashion,  and  the 
results  used  to  energize  a  stepper  motor  which,  through  a  gear  train, 
rotates  the  3D  cam. 

The  inlet  air  temperature  (T})  is  measured  by  a  cymene- 
filled  bellows,  around  which  inlet  air  is  induced  to  flow  by  a  Pcd  pow¬ 
ered  ejector.  The  output  of  this  bulb  is  the  mechanical  position  of  a 


lever  whose  opposite  end  is  attached  to  the  pilot  valve  of  a  followup 
servo,  which  in  turn  establishes  the  axial  position  of  the  3D  cam  in 
a  manner  analogous  to  the  Pc<j  servo  system.  Thus,  the  axial  posi¬ 
tion  of  the  cam  is  a  function  of  the  engine  inlet  air  temperature. 

For  acceleration  limiting,  the  Wf/Pcd  lever  is  positioned 
with  its  follower  in  direct  contact  with  the  cam  (shown  on  the  left 
side  of  the  cam  in  the  schematic). 

For  governing,  the  speed  set  cam  is  positioned  by  the  power 
lever,  and  measured  by  a  lever  having  a  variable  pivot.  This  pivot 
is  on  a  second  lever  in  contact  with  the  surface  of  the  cam.  The  sec¬ 
ond  lever  controls  the  position  of  the  pilot  valve  in  the  governor 
power  amplifier.  This  will  cause  the  amplifier  power  piston  to 
move  to  the  left  if  the  speed  setting  is  approached  by  the  position  of 
the  cam.  As  it  moves  to  the  left,  the  first  lever  is  contacted  by  a 
pin  in  the  piston  rod,  moving  the  first  lever  and  its  pivot  point  in  a 
manner  which  will  return  the  pilot  valve  to  a  null  position.  As  this 
process  continues  with  increasing  speed,  the  power  piston  and  its 
output  rod  will  move  to  the  left  until  the  Wf/Pc<j  lever  is  contacted 
on  the  left  side  of  the  3D  cam.  Further  movement  reduces  the 
Wf/Pcd  setting  and  hence  the  fuel  flow. 

The  selection  remains  within  the  original  limitations  estab¬ 
lished  in  (a)  and  (b)  of  paragraph  2.  2  These  limitations  were  that 
no  special  whirl  tests  would  be  required  to  permit  balancing  of  the 
control  components  for  performance  reasons  and  that  only  state-of- 
the-art  components  would  be  used. 

The  system  uses  components  which  are  accurate  with  regard 
to  scheduling  performance.  The  3D  cam  permits  the  scheduling  of 
acceleration  fuel  flow  so  that  optimum  engine  response  may  be  achieved. 
Also,  fuel  schedule  changes  may  be  made  readily  with  the  replacement 
of  the  3D  cam.  Governor  droop  rates  and  gain  changes  may  be  made 
with  minor  modifications  and  linkage  replacements. 

The  number  of  critical  components  susceptible  to  the  g  field 
have  been  reduced  to  two,and,  in  addition,  their  orientation  has  been 
so  established  that  the  g  field  effect  is  minimized.  Amplication  is 
provided  at  high  force  levels  through  the  use  of  a  readily  available 
servo  fuel  and  electrical  power  so  that  the  effect  of  g  field  on  the  link¬ 
ages  used  in  the  computation  mechanism  is  of  second  order. 
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The  components  requiring  the  least  development  effort,  and 
therefore  offering  the  greatest  possibility  of  success,  were  selected 
in  all  cases. 


4.  DESCRIPTION  AND  DESIGN  OF  SELECTED  SYSTEM 


A  detailed  design  analysis  of  the  components  of  the  selected 
system  has  been  made  in  order  to  ensure  adequate  performance  and 
permit  the  preparing  of  a  typical  layout  drawing.  A  description  of 
operation  for  the  system  and  each  individual  component  together  with 
the  design  analysis  is  presented  in  the  following  paragraphs. 

4.  1  Description  of  System  Operation 

The  fuel  control  system  is  basically  a  Wf/Pc<j  scheduling 
mechanism.  The  system  performs  the  function  of  pumping  and  sched¬ 
uling  fuel  flow  to  the  engine  to  permit  starting,  acceleration,  speed 
governing,  deceleration,  and  shutoff. 

The  computer  system  receives  the  engine-sensed  inputs  and 
provides  the  intelligence  and  muscle  for  positioning  the  metering 
valve  in  the  metering  section  of  the  control.  A  relatively  constant 
pressure  drop  is  regulated  across  the  metering  valve  flow  area  so 
that  a  given  valve  position  represents  a  given  fuel  flow. 

In  the  pumping  and  metering  section  of  the  control,  the  func¬ 
tions  of  boost  pressure  regulation,  fuel  pumping,  igniter  flow  supply, 
main  fuel  metering,  servo  fuel  pressure  generation,  cut-on  and  shut¬ 
off  are  accomplished. 

Engine  Start-Up 

To  start  the  engine,  the  igniter  flow  solenoid  is  energized  and 
the  throttle  advanced  to  the  ignite  position.  The  upstream  shutoff 
valve  will  be  open,but  the  downstream  shutoff  valve  will  remain  closed. 
Flow  will  be  admitted  to  the  engine  through  the  igniter -flow  solenoid- 
operated  valve.  Since  there  will  be  difficulty  in  positively  sealing  any 
throttling  regulator  to  maintain  a  controlled  downstream  pressure  for 
a  "no  flow"  condition,  it  is  imperative  that  the  igniter  flow  port  be 
open  to  permit  a  leakage  path  to  the  engine  before  the  upstream  shut¬ 
off  valve  is  opened.  This  is  especially  true  if  the  rotor  is  whirling 
near  its  top  speed.  The  throttling  regulators  will  be  designed  to 
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operate  at  a  minimum  leakage  value,  but  this  value  cannot  approxi¬ 
mate  zero.  Concurrently,  flow  will  be  circulating  through  the  con¬ 
trol  to  pump  inlet  through  the  bypass  port  in  the  downstream  shutoff 
valve.  This  flow  circulation  will  permit  generation  of  sufficient 
servo  fuel  pressure  to  allow  positioning  of  all  the  hydraulically  oper¬ 
ated  servo  systems. 


After  engine  light-off  and  the  correct  engine  speed  is  achieved, 
main  flow  will  be  initiated  by  advancing  the  throttle  to  the  idle  speed 
or  any  higher  speed  setting.  This  advancement  opens  the  downstream 
shutoff  valve  permitting  metered  flow  to  be  admitted  to  the  engine. 

The  engine  will  accelerate  toward  the  higher  speed  setting. 


Governing 


As  the  engine  approaches  the  new  set  speed,  the  govenor  set¬ 
ting  will  be  exceeded  by  the  actual  speed  and  the  governor  servo  sys¬ 
tem  will  begin  to  cut  back  on  the  Wf/Pc(j  setting.  As  the  governor- 
set  Wf/Pctj  reduces  to  a  lower  value  than  the  acceleration- set  Wf/Pc{j 
the  governor  will  be  in  control  of  fuel  flow.  Fuel  flow  will  continue 
to  be  reduced  in  proportion  to  positive  set  speed  error  until  the  con¬ 
trol  metered  flow  is  at  the  engine  steady-state  required-to-run  fuel 
flow  level.  At  this  condition  the  engine  speed  remains  fixed  for  the 
governor  setting.  The  setting  of  a  relatively  higher  speed  will  revert 
control  of  Wf/Pc<j  back  to  the  acceleration  limiter  and  the  engine  fuel 
flow  will  increase  to  its  maximum  permissible  level  for  surge  free 
and  temperature-limited  acceleration.  Maximum  engine  acceleration 
will  result  until  a  positive  set  speed  error  occurs  at  which  time  the 
governor  will  again  take  control  to  maintain  a  constant  engine  speed. 


Deceleration  is  accomplished  by  reducing  the  throttle  lever  to 
any  lower  speed.  Here,  the  set  speed  error  becomes  considerably 
positive  and  fuel  flow  is  reduced  below  the  engine  steady- state  fuel 
flow  to  a  minimum  flow  level  set  by  a  mechanical  stop.  This  causes 
the  engine  to  decelerate  until  the  governor  set  speed  error  becomes 
less  positive,  thereby  allowing  fuel  flow  to  rise  again  until  a  steady- 
state  flow  level  at  the  lower  speed  is  achieved.  Again,  speed  will  be 
held  constant. 


Shutdown 


The  engine  is  shutdown  by  retarding  the  throttle  to  the  fuel 
shutoff  position.  This  action  first  closes  the  upstream  shutoff  valve 
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and  next  the  downstream  shutoff  valve.  Although  the  shutoff  may  be 
executed  at  an>  flight  condition, it  is  recommended  that  for  normal 
shutdown,  the  rotor  speed  be  reduced  to  its  minimum  level  before 
final  shutoff  is  executed.  As  the  pump  windmills  to  a  stop  after 
shutdown,  fuel  will  be  bypassed  through  the  downstream  shutoff 
valve  to  pump  inlet,  thus  preventing  pump  dead  heading. 

4.  2  Design 

4.2.  1  Inlet  Throttling  Regulator  (Reference  Figure  11) 

The  regulator  operates  to  control  the  pump  inlet  pressure 
(Pr)  to  a  level  above  ambient  pressure  (PD)  by  throttling  through  two 
stages  the  incoming  rotor  pressure  (Pr).  The  valves  are  of  the 
poppet  type  to  minimize  leakage  and  are  balanced  with  a  spool  and 
sleeve  design.  The  valves  are  sized  to  operate  at  leakage  levels  of 
less  than  40  p.p, h,  at  the  high  pressure  levels  which  will  be  encoun¬ 
tered  during  the  condition  of  engine  relight  while  the  rotor  is  whirl¬ 
ing.  A  diaphragm  provides  the  balancing  mechanism  for  regulation 
and  the  driving  force  for  positioning  the  poppet  valve  in  the  second 
stage  while  an  nO"-ring  sealed  piston  is  used  in  the  first  stage.  The 
g  load  will  be  applied  in  a  lateral  direction. 


In  the  ambient  chamber  of  each  valve  a  safety  vent  valve  is 
included.  In  case  of  a  diaphragm  or  piston  "0"-ring  failure,  the 
safety  vent  valve  will  be  closed  by  the  differential  of  fuel  to  ambient 
pressure  applied  across  the  vent  valve,  thereby  containing  the  high 
pressure  fuel  within  the  regulator  housing. 

For  small  valve  openings,  the  equation  representing  the  regu¬ 
lation  performance  of  the  second- stage  valve  is  as  follows: 


Fg  K8  Wf 

PB  -  P0  =  -  =  -  -  ,  p.  s.  i. 

Ad  597  50  Cd  Dv  AD  Sin  0V(PB'  -  PB  Sp  Gr. 

For  the  first-stage  valve,  substitute  Pg'  for  Pg  and  Pr  for  Pg'j 


where  for 


1st  stage 


2nd  stage 


Fs 

aD 

Dv 

0 

K8 


400  lb 
0.  3  in. 2 
0.  375  in. 
60° 

2000  lb/in. 


33  lb 
1.0  in.2 
0.  375  in. 
60° 

1 50  lb/ in. 
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Specific  Gravity  =  0.775 

Co  (discharge  coefficient)  0.70 

Plots  of  the  valve  performance,  neglecting  any  flow  force 
effc  •  ts,  for  the  anticipated  flow  and  pressure  ranges  are  depicted  in 
Figure  12  The  maximum  flow. force  effect  calculated  for  the  down¬ 
stream  valve  is  of  the  order  of  7.  0  pounds.  Without  compensation 
for  the  flow  force  an  additional  7  p.  s.i.  variation  in  regulated  pres¬ 
sure  would  be  experienced.  If  proven  to  be  significant,  the  flow 
force  effects  ran  be  minimized  by  properly  flow  contouring  the  valves. 
The  error  in  regulated  Pg  pressure  due  to  a  ^  2°  variation  of  direc¬ 
tion  of  the  applied  g  field  from  the  lateral  direction  is  only  1.2  p.  s.  i. 
on  either  valve,  an  insignificant  amount.  An  axial  g  load  of  +  5g 
would  contribute  an  error  of  approximately  0.  7  p.  s.  i.  ,  again,  an  in¬ 
significant  amount.  The  friction  effect  of  the  piston  in  the  first-stage 
valve  will  contribute  a  hysteresis  in  regulation  of  approximately  60 
p.  s.  i.  This  is  a  negligible  amount,  however,  since  this  stage  is 
only  required  for  approximate  regulation.  The  friction  effect  due 
to  g  loading  the  valve  in  the  lateral  direction  is  approximately  4.  0 
p.  s.i.  in  the  first  stage  and  1.2  p.  s.  i.  in  the  second  stage. 

An  acceptable  variation  for  regulation  of  the  pressure  differ¬ 
ential  P3  -  PQ  has  been  set  at  70  to  30  p.  s.  i.  The  allowable  limita¬ 
tion  on  the  variation  in  regulation  of  this  pressure  differential  is  es¬ 
tablished  on  the  basis  of  the  minimum  servo  supply  pressure  desired 
and  the  maximum  pump  pressure  rise  at  cranking  speed.  This  limi¬ 
tation  is  explained  in  paragraph  4.  2.  5. 

The  safety  shutoff  valve  is  normally  open  and  closes  if  the 
regulated  Pq  pressure  exceeds  150  p.  s.i.  due  to  the  differential 
area  of  the  piston.  Once  the  valve  closes  it  will  remain  closed  as 
long  as  the  upstream  pressure  exceeds  85  p.  s.  i. 

The  safety  shutoff  valve  design  constants  are  as  follows: 

Dp  =  0.875  in. 

F*  =  40.0  lb. 

Dv  =  0.  50  in. 

4.  2.  2  Fuel  Pump  (Reference  Figure  13) 

The  pump  is  of  the  single-element,  positive  displacement, 
pressure-loaded  gear  type,  having  a  40-mesh  fuel  screen  at  its  inlet. 
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The  pump  incorporates  a  bypass  return  port  at  its  inlet  to  serve  as 
the  sump  for  the  control  servo  and  bypass  regulator  flows.  The  shaft 
seal  configuration  is  of  the  CECO-designed  cartridge  type  which  has 
proven  successful  on  numerous  CECO  pump  applications.  The  pump 
is  fabricated  from  a  cast  aluminum  housing  with  Nitralloy gears  and 
drive  shaft.  Bearing  material  is  high-leaded  bronze.  Because  of  the 
compact  lightweight  design,  the  inherent  ruggedness,  and  the  well- 
supported  drive  shaft  and  seal  configuration,  no  problems  are  antici¬ 
pated  as  a  result  of  the  centrifugal  forces  involved. 

For  the  high  centrifugal  loads  peculiar  to  this  application  the 
pump  has  been  oriented  such  that  the  centrifugal  forces  will  increase 
the  journal  bearing  pressure  loading.  In  this  way  the  low  starting 
requirement  can  be  met  with  the  rotor  whirling.  Bearing  loads  have 
been  maintained  within  safe  limits  of  approximately  600  p.  s.  i.  as 
demonstrated  herein. 

Weight  of  pumping  gear  -  0.  55  pounds 

Centrifugal  force,  max.  -  367g 

Bearing  load  due  to  CF  -  0.  55  x  367  =  200  pounds 

Bearing  load  due  to  pressure  loadings  Gear  OD  x  gear  width 
x  discharge  pressure 
=  1.  50  x  0.  816  x  400  =  515  pounds 

Total  load  on  bearing  =  200  +  515  =  715  pounds 

715 

Journal  UBL  =  ■■■  ■  ■  =  650  p  s.  i. 

0.  688  x  1.6 

Note  also  that  the  g  loading  force  is  greater  than  the  pressure  loading 
area;  therefore,  had  the  pump  been  oriented  so  that  the  g  loading  was 
subtracted  from  the  bearing  loading,  there  would  be  a  shift  in  direc¬ 
tion  of  the  bearing  loading.  This  shift  would  produce  a  loss  in  pump 
capacity  and  detrimental  wear  on  the  pump  housing  which  would  pre¬ 
maturely  limit  pump  life. 

The  pump  has  been  designed  to  operate  on  fuel  which  has 
passed  through  a  10-micron  filter.  This  filter  is  not  included  in  the 
pump  design  but  is  to  be  located  in  the  air  frame  and  will  be  the  air¬ 
frame  manufacturer's  responsibility. 

The  pumping  element  is  designed  to  meet  the  starting  condi¬ 
tions  of  450  p.  p.  h.  ,  150  p.  s.i.  ,  and  750  r.p.  m.  This  element  will 
then  give  rated  flows  as  follows:  6950  p.  p.  h. ,  400  p.  s.  i. ,  and  7500 
r.  p.  m.  A  plot  of  the  flow-versus-speed  curve  is  shown  in  Figure  14. 
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The  pump  inlet  boost  requirements  are  based  on  the  following 
conditions  and  assumptions  which  yield  the  worst  case: 


Fuel  Type:  Aviation  Gasoline 
Operating  Conditions: 


Tl 
T, 

N 

Wf  metered 


max 


=  20°F  at  30,  000  feet  altitude 
=  1  30°F  after  climb  from  S.  L.  hot  day 
=  90  percent  =  6750  r.  p.  m.  ,  AP  =  130  p.  s. 
=  41 5  p.  p.  h. 


Metered  flow  to  bypass  flow  -  5.  76  percent 
Based  on  CECO  experience,  pump  rise  =  50°F  for  these 
conditions . 


Therefore^ 

Temperature  of  fuel  at  pump  inlet  = 

+  115°  (assumed  15°  net  cooling  in  rotor  blades) 

+  15°  throttle  regulator 

+  50°  =  180°F 

Pressure  required  =  30  p.  s.i.a.  (vapor  pressure) 

=  _10  p.  s.  i.  to  charge  gears 
40  p.  s.  i.  a.  boost 

A  similar  analysis  may  be  shown  for  a  locked  rotor,  100-percent 
speed  at  sea  level,  and  a  hot  day  wherein  the  required  pressure  at 
the  throttle  regulator  inlet  is  40  p.  s.  i.  a. 

Adding  a  safety  factor,  then  the  tank-mounted  boost  pump 
should  supply  a  minimum  of  30  p.  s.  i.  g.  to  the  throttle  regulator  inlet. 
The  throttle  regulator  will  then  be  designed  to  operate  at  a  minimum 
regulated  pressure  level  of  30  p.  s.  i.  g.  and  permit  a  maximum  of  10 
p.  s.  i.  pressure  drop  through  the  valve  at  a  flow  of  1275  p.  p.h.  when 
not  regulating. 

4.  2.  3  Metering  Head  Regulator  (Reference  Figure  15) 

The  regulator  maintains  an  essentially  constant  pressure  drop 
across  the  metering  valve  by  bypassing  pump  discharge  pressure  back 
to  the  pump  inlet  (Pb)>  The  valve  is  of  the  poppet  type,  its  shaft  sup¬ 
ported  on  a  ball  bushing.  A  diaphragm  opposed  by  the  poppet  valve 
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provides  the  pressure  differential  sensing  area  and  also  the  pressure 
force  for  positioning  the  valve. 


The  equation  describing  the  valve  regulation  for  small  open¬ 
ings  follows: 


FPL  *s  Wf 

— -  -f  -  — 

Ad  59670  Cd  Dv  Sin  0  V^PF  -  pb)  sP-  Gr- 


where,  for  the  selected  design 

Ad  =  0.  785  in.2 

Dv  =  1 . 00  in. 

0  =  60° 

Ks  =  50  lb/in. 

Cd  =  flow  discharge  coefficient  =  0.  7 

Sp.Gr.  =  0.  775 


The  performance  of  the  regulator  to  these  design  constants  is  plotted 
in  Figure  16.  The  metering  head  has  been  selected  to  be  40  p.  s.  i. 
and  the  error  in  metered  flow  due  to  the  metering  head  error  is  de¬ 
sired  to  be  less  thc-r.  1  percent.  Since  error  in  metered  flow  is  pro¬ 
portional  to  metering  head  error  in  the  following  manner. 


50  A  MH 

Error  in  percent  metered  flow  =  - 

MH 


then  the  error  in  metering  head  can  be  +  0.8  p.  s.  i. 

The  variation  in  metering  head  regulation  indicated  in  Figure 
16.  if  taken  at  face  value,  would  be  too  great  for  accuracy  purposes. 
Since,  at  any  given  metered  flow,  the  variation  in  bypass  flow  and 
pressure  differential  (Pp  -  Pjj)  is  limited  and  predictable,  it  is  there¬ 
fore  possible  to  contour  the  metering  valve  accordingly  to  the  average 
metering  head  value  which  will  occur  due  to  these  variations  at  any 
given  metered  flow.  By  this  means,  the  performance  de  >icted  in  Fig¬ 
ure  16  is  acceptable  with  an  adequate  safety  factor  for  meeting  the  con¬ 
trol  acceleration  and  governing  limits. 

The  valve  will  be  oriented  such  that  the  high  g  field  will  be  di¬ 
rected  laterally  to  the  axis  of  the  valve,  spring,  and  diaphragm.  The 
ball  bushing  will  minimize  any  friction  effects  which  will  be  introduced 
by  the  g  field  to  negligible  amounts. 
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Due  to  the  weight  of  the  valve,  spring,  and  diaphragm,  a  di¬ 
rectional  change  of  the  g  field  by  2°  will  ca  use  a  metering  head 
error  of  approximately  ■*  0.  5  p.  s.  i,  at  259g.  In  addition,  a  loading 
of  5g  in  the  axial  direction  would  cause  approximately  t  0,2  p  s.  i. 

If  all  the  errors  mentioned  above  were  cumulative,  which  is  not  a 
likely  situation,  then  the  metered  flow  could  be  in  error, by  approxi¬ 
mately  +  1.5  percent  as  a  result  of  the  metering  head  regulator. 

4.2.4  Metering  Valve 

The  valve  is  of  the  sleeve  type  design  with  a  slab  cut  to  pro¬ 
vide  the  required  area  versus  stroke.  In  conjunction  with  the  design 
of  the  multiplier  described  in  paragraph  4.  2.  10  the  valve  is  spring 
loaded  in  the  open  direction  and  is  driven  closed  by  the  power  of  the 
servo  systems  (compressor  discharge  pressure  and  3D  cam).  The 
valve  is  essentially  pressure  balanced  to  more  closely  control  the 
servo  system  applied  forces  although  this  is  not  absolutely  necessary. 

The  valve  area  will  be  contoured  in  accordance  with  the  40 
p.  s.  i.  nominal  metering  head  to  provide  an  essentially  constant  flow, 
versus-stroke  relationship  of  10  p.  p.  h.  per  0.001  inch.  Minor  de¬ 
viations  from  this  relationship  will  be  made  as  necessary  based  on 
the  discussions  in  paragraphs  4.  2.  3  and  4.  2.  8.  The  profile  of  the 
valve  will  be  essentially  as  depicted  in  Figure  17. 

The  spring  force  loading  the  valve  in  the  open  direction  will 
vary  about  4  pounds  as  the  valve  strokes,  with  the  maximum  being  of 
the  order  of  10  pounds.  Orienting  the  valve  so  that  the  g  field  will  be 
applied  laterally  to  the  axis  of  the  valve  will  introduce  some  frictional 
effects  to  resist  the  motion  of  the  valve.  However,  the  friction  will 
be  of  the  order  of  1. 0  pound  at  367g  and  will,  therefore,  be  of  negligi¬ 
ble  consequence  in  the  ability  to  position  the  valve. 

4.  2.  5  pressurizing  Valve  (Reference  Figure  18) 

The  function  of  the  pressurizing  valve  is  to  raise  the  level  of 
fuel  pressure  within  the  control  to  ensure  that  a  minimum  positive 
differential  of  Pp  -  Pg  equal  to  100  p*  s.  i.  exists  under  all  operating 
conditions.  This  is  required  to  operate  the  servo  systems  and  the 
bypass  metering  head  regulator. 

For  the  worst  operating  condition,  the  cracking  pressure  (APV) 
must  be  approximately  115  p.  s.  i.  to  satisfy  the  required  relationship 
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ofPF-Pn,  For  any  condition,  then,  neglecting  the  change  in  APy 

due  to  (low  variations,  the  following  applies. 

PF  •  PB  =  pcd  -  Po  -  >05  i.  20  P  »  i- 

where  Pttj  and  PQ  arc  in  p.  s.  i.  These  values  are  based  on  Pfj  regu¬ 
lated  to  SO  _+  20  p.  s.  i. 

The  pressure  drop-versus-flow  relationship  for  the  valve  is 
plotteu  in  Figure  19.  The  design  constants  are  as  follows: 

Dv  =  0.  4  in. 

0  =  60° 

Kg  =  40  lb/in. 

The  orientation  of  the  valve  with  regard  to  the  g  field  will  be 
similar  to  that  of  the  metering  head  regulator  and  high  pressure  throt¬ 
tling  regulators.  A  ball  bushing  supporting  the  valve  shaft  will  also 
be  used  with  this  valve.  However,  the  development  tests  may  indicate 
this  to  be  unnecessary  since  the  regulation  of  this  valve  is  not  critical. 
The  effect  of  friction  could  probably  be  tolerated  as  it  would  result  in 
approximately  an  8.  0  p.  s.  i.  shift  in  cracking  pressure  at  367g.  The 
effects  of  a  +_  2°  change  in  direction  of  the  laterally  applied  g  loading 
and  a  _+  5g  load  variation  in  the  axial  direction  would  be  negligible 
with  respect  to  the  required  performance  of  the  valve. 

4.  2.  6  Igniter  Solenoid  Valve 

The  valve  will  be  oriented  in  the  g  field  such  that  the  g  forces 
’tend  to  close  the  valve.  The  solenoid  is  designed  to  overpower  the 
effects  of  the  g  forces  as  well  as  the  pressure  forces. 

The  igniter  flow  port  is  taken  off  upstream  of  the  fuel  pump  at 
which  point  the  pressure  will  be  regulated  by  the  throttling  regulator 
when  the  rotor  is  whirling  or  by  the  tank -mounted boost  pump  when 
the  rotor  is  not  whirling.  With  locked  rotor  blades  the  pressure  for 
igniter  flow  will  be  approximately  25  p.  s.  i.g.  However,  with  the 
rotor  whirling  at  15  percent  of  its  normal  rated  speed  the  pressure 
will  be  of  the  order  of  60  p.  s.  i.  The  pressure  at  the  two  different 
conditions  could  be  made  identical  at  a  maximum  of  60  p.  s.  i.  if  the 
boost  pump  pressure  were  raised  to  70  p.  s.  i.  g.  from  the  now  speci¬ 
fied  25  p.  s.  i.  g.  In  this  event  the  throttling  regulator  would  be  oper¬ 
ating  in  either  case  to  maintain  the  constant  pressure  level. 
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4  2.  7 


Inlet  and  Outlet  Shutoff  Valves 


Two  shutoff  valves  are  required  for  this  application.  lhe  in¬ 
let  va'  **  protects  the  control  and  pump  housing  from  the*  high  pres¬ 
sure  level  during  normal  engine  shutdown  when  the  rotor  is  whirling. 
The  downstream  valve  permits  igniter  flow  and  pump  flow  circula¬ 
tion  without  main  flow,  and  also  contains  fuel  within  the  control  hous¬ 
ing  during  shutdown.  To  accomplish  these  two  functions,  the  down¬ 
stream  valve  contains  a  port  to  bypass  metered  flow  back  to  pump 
inlet  when  the  valve  is  in  the  shutoff  position. 

The  valves  are  sized  to  open  rapidly  during  the  first  few  de¬ 
grees  of  throttle  travel,  thereby  providing  the  minimum  restriction 
to  flow.  Both  valves  are  pressure  balanced  to  minimize  the  pressure 
effect  on  throttle  torques.  To  permit  drop  tight  operation,  both 
valves  close  against  resilient  seats. 

The  orientation  of  the  valves  is  such  that  the  high  g  field  is 
applied  lateral  to  the  valve  axis.  This  causes  a  fairly  high  friction 
force  which  finally  results  in  throttle  torque.  The  friction  force 
could  be  of  the  order  of  8  pounds  per  valve.  For  the  lever  arrange¬ 
ment  considered,  this  would  result  in  6.9  inch-pounds  of  throttle 
torque.  Additional  torque  due  to  normal  "0"-ring  friction  could  in¬ 
crease  the  throttle  torque  up  to  about  15  inch-pounds. 

4.2.8  Pca  Amplifier  (Reference  Figure  20) 

The  Pcd  amplifier  is  a  force  balanced  system  incorporating 
a  sensing  bellows  assembly,  feedback  spring,  force  bar  and  flapper 
valve,  and  a  hydraulic  amplifier.  The  bellows  assembly  consists  of 
back-to-back,  equal  area  bellows.  One  bellows  senses  Pcd  and  the 
other  bellows  is  evacuated.  Thereby,  the  assembly  senses  Pcd  ab¬ 
solute,  and  since  the  bellows  have  equal  area,  the  assembly  is  insen¬ 
sitive  to  variations  in  case  pressure. 

The  force  produced  by  the  pressure  in  the  bellows  is  balanced 
on  the  force  bar  by  a  force  feedback  from  the  actuator.  A  change  in 
Pcd  will  disturb  the  force  balance.  This  results  in  a  deflection  of 
the  flapper  valve,  and  thereby  the  flow  into  the  piston  chamber  changes. 
This  causes  the  piston  to  move  and  deflect  the  feedback  spring  in  a  di¬ 
rection  which  will  restore  the  force  balance.  The  system  thereby 
generates  a  position  output  as  a  function  of  Pc£  . 
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Design  and  Performance  Data 


The  following  table  summarizes  the  design  and  performance 
of  the  system.  The  nomenclature  is  defined  in  Figure  20. 


Pcd 

X 


Ab 

Kb 


K. 


*l/*2 

V'3 

h/*i 


Al 

a2 


Au 

Ad 


0  to  140  p.  s .  i.  a. 
0  to  0.  8  in. 

0.  5  in. 

1 5  lb/in. 

224  lb/in. 

1.6 
1.6 
1.  5 

0.  70  in.2 
0.  90  in.2 
0.  002  in.2 
0.  004  in.2 


Accuracy 


Figure  21  io  a  plot  showing  the  Pc(j  error  due  to  load  variations 
on  the  actuator.  The  data  are  plotted  as  a  function  of  PC(j  and  supply 
pressure  (Pp). 


The  feedback  spring  in  the  amplifier  produces  a  load  on  the 
actuator  which  is  proportional  to  Pcd-  Therefore,  the  resulting  error 
can  be  compensated  for  by  biasing  the  3D  cam. 


The  force  levels  required  to  operate  the  Wf/Pctj  multiplier  are 
shown  in  Figure  22.  The  maximum  load  occurs  at  the  minimum  values 
of  Pcd  and  is  equal  to  5  pounds.  It  will  produce  a  Pcd  error  equiva¬ 
lent  to  0.  2  p.  s.  i. 


To  minimize  the  error  due  to  load  variation  caused  by  the  g 
field,  the  system  will  be  oriented  as  shown  in  Figure  20-  As  indica 
ted,  the  g  field  acts  normal  to  the  bellows  assembly  and  associated 
linkages  and  along  the  output  of  the  actuator.  The  actuator  and  link¬ 
ages  will  be  designed  to  approximate  g  load  balancing.  Thereby,  g 
field  force  will  be  minimized  and  reflected  at  the  pivot  bearings  as 
friction  loads. 


In  addition  to  the  friction  loads  caused  by  the  g  field,  piston 
shaft  and  cup  seals  will  produce  friction.  It  will  be  possible  to  keep 
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the  total  load  due  to  friction  under  10  pounds.  This  will  cause  a 
0.27  p.  s.i.  error  in  Pc<j  at  100-pcrccnt  speed  (0.4-percent  error). 

Leakage  Flow 

Figure  23  shows  an  estimate  of  the  flow  required  during 
steady-state  operation  as  a  function  of  Pctj- 

Piston  Force  Levels 


Figure  24  shows  an  estimate  of  the  force  output  capability  of 
the  system  as  a  function  of  CDP.  The  dashed  lines  indicate  the  force 
output  requirements.  The  force  output  levels  are  therefore  sufficient 
to  ensure  proper  operation.  The  estimated  force  level  output  assumes 
5-percent  leakage  and  Pp  100  +  Pccj  . 

Time  Re»pon»e 

There  are  two  first-order  lags  in  the  system:  a  pneumatic  lag 
due  to  the  time  required  to  pressurize  and  depressurize  the  pccj 
sensing  bellows  and  a  hydraulic  lag  due  to  the  time  required  to  move 
the  piston.  Based  on  a  linearized  analysis,  and  assuming  the  Pctj 
inlet  line  is  a  lumped  resistance,  the  pneumatic  time  constant  is  neg¬ 
ligible  in  comparison  to  the  hydraulic  lag.  The  transfer  function 
from  Pc<j  to  X  can  therefore  be  approximated  by  a  first  order  system 
given  by: 

AX  0.00572 


APcd  0.  007  S  +  1 

4.  2.  9  3D  Cam  Acceleration  Schedule  Contour 

The  3D  cam  is  rotated  as  a  function  of  engine  speed  and  trans¬ 
lated  as  a  function  of  compressor  inlet  temperature.  The  cam  con¬ 
tours  thereby  generate  the  Wf/Pctj  input  to  the  multiplier. 

Cam  Contours 


Figure  25  is  a  plot  of  cam  radius  versus  cam  angle  and  com¬ 
pressor  inlet  temperature. 
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Accuracy 


To  minimize  fuel  flow  scheduling  errors  due  to  errors  in  po- 
sitioning  the  3D  cam  it  is  necessary  to  minimize  the  cam  rise.  This 
may  be  accomplished  by  increasing  the  cam  radius  and/or  the  amount 
the  cam  is  rotated  per  unit  speed  change  and  translated  per  unit  tem¬ 
perature  change.  However,  practical  considerations  limit  minimiz¬ 
ing  the  cam  rise,  and  based  on  the  cam  contours  of  Figure  25,  the 
percent  error  in  fuel  flow  due  to  a  0.  001 -inch  error  in  the  rotational 
position  of  the  cam  is  given  by 


9.  53 

Wf/Pcd 


Un*N 


(1) 


Similarly,  a  0.  001 -inch  error  in  the  translational  position 
gives  a  fuel  error  of 


9.  53 

Wf  =  -  tan  0  (2) 

e  wf/Pcd 


where 

=  cam  slope  with  speed  -  degrees 

0T  =  cam  slope  with  temperature  -  degrees 

The  cam  radius  and  speed  input  signal  ensures  that  the  c^m 
slope  (0n)  never  exceeds  30°.  The  maximum  slope  occurs  at  10-per¬ 
cent  speed.  The  Wf/ Pcd  value  at  this  speed  is  approximately  12 
p.  p.  h. /p.  s.  i.  From  equation  (1),  the  fuel  flow  error  is  there 'ore 
0.66  percent.  At  any  other  operating  point,  the  error  will  be  signi¬ 
ficantly  less  than  0.66  percent.  For  example,  at  100-percent  speed 
the  error  will  be  0.  13  percent.  The  maximum  cam  slope  (0)  with  tern 
perature  is  21°  and  occurs  at  70-percent  speed.  The  fuel  flow  error 
due  to  a  0.  001 -inch  error  in  the  position  of  the  cam  at  this  point  is 
approximately  0.  16  percent. 

4.  2.  10  Wf/Pcd  Multiplier 

The  Wf/Pcd  multiplier  mechanically  multiplies  two  position 
inputs;  the  product  is  a  position  output.  The  input  signals  correspond 
to  Pcd  and  Wf/Pcd.  The  output  positions  the  main  metering  valve 
and  therefore  is  a  function  of  fuel  flow. 
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With  reference  to  Figure  26,  which  is  a  schematic  of  the  mul¬ 
tiplier,  the  method  of  operation  is  described  by  the  following  equation: 


Z  =  X  (Tan  0  +  Tand) 


(1) 


where 

Z  =  main  metering  valve  position 

X  =  output  of  Pc(j  amplifier 

OL  =  angle  corresponding  to  value  of  Wf/ Pc(j 

0  =  constant  angle 

Substituting  the  design  relationships 

X  =  Ki  Pc{j  and 

Z  =  K2  W£ 

it  can  be  shown  that* 

K2  Wf 

Tan  Cl  =  -  -  -  tan  0 

K1  Pcd 

Substituting  2,  3,  and  4  into  equation  1  gives 

Wf 

Wf  =  Pcd  - 

Pcd 

which  indicates  the  required  multiplication. 


(2) 

(3) 

(4) 


(5) 


Design  and  Performance  Data 

The  following  table  summarizes  the  design  and  performance 
of  the  system: 


pcd 

0  to  140  p.  s.  i. 

X 

0  to  0.  8  in. 

Wf/pcd 

2.  86  to  28.  6  p.  p.  h.  /p.  s.  i 

a 

13.  1°  to  -12.  3° 

Y 

0.  030  to  0.  30  in. 

il 

0.6  in. 

l\ 

3.  375  in. 

0 

15° 

Wf 

Min.  stop  to  4000  lb/hr. 

Z 

Min.  to  0.  14  in. 
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Accuracy 


The  following  equation  gives  the  percent  error  in  fuel  flow 
for  a  0.  001-inch  error  in  X 


17.  5 

Wf  --  -  (6) 

Pcd 

Similarly  for  a  0.001-inch  error  in  Y 


W 


«e 


9.  53 


Wf/P 


cd 


As  the  angle  Gt  changes,  an  error  in  X  is  introduced  due  to 
the  radius  of  curvature  of  link/p  This  error  results  in  a  maximum 
fuel  flow  error  of  0.  37  percent.  However,  if  required,  it  is  possible 
to  partially  compensate  for  this  error  by  biasing  the  Pctj  amplifier. 
Also,  it  should  be  mentioned  that  as  Q,  changes,  the  radius  of  curva¬ 
ture  in/2  and  the  change  in  the  contact  point  between  the  roller  and 
upper  track  do  not  produce  errors.  Both  these  effects  are  functions 
of  Wf/PC(j  and  therefore  can  be  cammed  out  of  the  system. 


Force  Levels 


The  force  levels  required  to  operate  the  multiplier  are  shown 
plotted  in  Figure  22.  As  indicated,  the  forces  are  reflected  to  the 
Pccj  amplifier  and  Wf/PC{j  cam. 

8  Field  Orientation 


The  multiplier  linkage  will  be  oriented  to  ensure  that  g  loads 
act  on  the  powered  inputs. 

4.  2.  11  T i  Sensor  and  Amplifier 


A  schematic  of  the  T  \  sensor  and  hydraulic  amplifier  is  shown 
in  Figure  27.  The  system  incorporates  a  liquid  cymene-filled  bellows 
assembly,  a  sleeve-type  servo  valve,  and  a  hydraulic  amplifier. 

The  cymene  bellows  assembly  includes  two  concentric  bellows, 
one  inside  the  other.  The  cymene  is  trapped  between  the  two  bellows. 


30 


T  1  inlet  air  is  induced  to  flow  through  the  assembly  so  that  the  inside 
of  the  inner  bellows  and  the  outside  of  the  outer  bellows  .tre  exposed 
to  T|.  This  increases  the  heat  transfer  surface  thereby  decreasing 
the  time  response  of  the  system.  For  an  application  in  which  opera¬ 
tion  with  a  locked  rotor  is  a  required  condition,  an  aspiration  will  be 
utilized  to  induce  engine  inlet  airflow  to  pass  over  the  Ti  sensor. 

The  primary  airflow  for  operating  the  aspirator  will  be  supplied  from 
the  compressor  discharge  section  of  the  engine.  Where  operation 
with  a  locked  rotor  is  not  a  required  condition,  air  scoops  may  be 
provided  at  the  engine  inlet  to  provide  the  necessary  flow  to  the  Tj 
sensor  bulb.  Here,  an  aspirator  will  not  be  necessary.  An  aspira¬ 
tor  has  not  been  included  in  the  design  of  the  recommended  fuel  con¬ 
trol  system.  However,  there  are  no  anticipated  problems  of  opera¬ 
ting  the  aspirator  in  the  environment  under  consideration  if  one  is 
required. 

Method  of  Operation 

An  increase  in  the  inlet  temperature  T}  causes  the  cymene  to 
expand.  The  inner  bellows  is  thereby  compressed  and  through  the 
output  rod  causes  a  deflection  of  the  lever.  This  results  in  a  deflec¬ 
tion  of  the  spool  valve  which  for  an  increase  in  Tj  will  cause  a  de¬ 
crease  in  A^.  Neglecting  load  variations  on  the  actuator,  a  decrease 
in  A<j  causes  the  net  flow  into  chamber  Pa  to  increase  and  thereby 
move  the  actuator  in  a  direction  to  increase  A<j  back  to  its  original 
value. 


The  net  result  of  the  operation  described  above  is  a  hydraulic 
powered  output  position  which  is  a  function  of  Tj. 

Design  Summary 

The  following  data  summarize  the  design  and  performance  of 
the  T}  sensor  and  amplifier: 


TT1 

-75  to  250°F 

X 

0  to  0.  325  in. 

Abo 

0.  341  in.2 

Afai 

0.  159  in.2 

S\/h 

1.0 

A. 

0.405 

A  2 

0.  552 

Au 

0.  0007  in.2 

Ad 

0.  785  AX 
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Accuracy 


Variations  in  the*  piston  load  will  produce  errors  in  the  out¬ 
put  position  of  the  Tj  system.  The  error  caused  by  piston  load 
variations  reference  to  T  j  temperature  is  given  by 

AT  i  5  x  10'3 

afl  ff 

Variations  in  the  piston  load  are  caused  by  the  g  field  piston 
and  piston  rod  seal  friction,  and  the  force  required  to  move  the  3D 
cams.  The  effective  load  due  to  g  forces  will  be  held  to  less  than  5 
pounds  by  balancing  the  actuator  and  linkages,  and  orienting  the  com¬ 
ponents  so  that  g  load  forces  will  act  on  bearings  and  thereby  be  re¬ 
flected  to  the  actuator  as  friction  loads.  The  total  load  due  to  friction 
will  be  less  than  10  pounds.  The  maximum  force  required  to  move 
the  cams  is  approximately  9  pounds  and  occurs  at  Pjr  =  240  p.  s.  i. 

The  total  error  due  to  the  resultant  19-pound  load  is  therefore  less 
than  1°F. 

The  temperature  error  due  to  g  forces  acting  on  the  bellows 
assembly  is  +  1.  5°F  maximum. 

Steady-State  Flow  Requirements 

The  maximum  flow  required  to  operate  the  T]  amplifier  at 
starting  conditions  is  approximately  SO  p.  p.  h. 

g  Field  Orientation 


The  g  field  will  act  along  the  output  of  the  amplifier.  However, 
as  previously  mentioned,  linkages  ^  j  will  be  balanced  and  the  actu¬ 
ator  mass  will  be  g  load  balanced  to  hold  the  resulting  force  levels 
below  5  pounds.  The  Tj  bellows  assembly  will  be  oriented  so  that  the 
g  field  acts  along  the  output  rod.  It  is  not  necessary  to  g  load  balance 
the  Tj  bellows  assembly  because  the  error  due  to  the  g  field  is  neg¬ 
ligible. 

4.  2.  12  Speed  Sensor  and  Amplifier 
Function 


The  speed  sensor  and  amplifier  is  a  computer  servo  whose 
function  is  to  position  the  3D  cam  as  a  linear  function  of  engine  speed. 
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The  output  of  this  device  must  conform  to  the  accuracy  (resolution), 
speed  of  response,  and  torque  capabilities  required  for  suc  cessful 
computing  of  fuel  flow  in  the  specified  operating  environment  of  the 
proposed  fuel  control.  In  addition,  size  and  weight  must  also  be  in 
conformance  with  design  requirements. 

2e  eration  (Reference  Figure  28) 

The  operation  of  the  speed  computer  servo  is  based  on  meas¬ 
uring  the  time  required  for  a  gear  tooth,  which  is  rotating  in  propor¬ 
tion  to  engine  speed  (KN),  to  rotate  the  angle  (0)  between  a  fixed  po¬ 
sition  pick-off  and  a  variable  position  pick-off.  This  time  period 
(0  KN)  is  compared  with  a  fixed  reference  (Tr).  The  difference  be¬ 
tween  0/KN  and  Tr  generates  a  command  signal  (S)  which  drives  a 
(P.  M.  )  step  motor.  The  output  shaft  of  the  step  motor  positions  the 
variable  position  pick-off  so  that  0/KN  =  Tr.  Therefore,  during 
steady-state  operation  the  angular  position  of  the  step  motor  is  a 
direct  measure  of  engine  speed. 

Figure  29  is  a  timing  diagram  illustrating  the  detail  opera¬ 
tion  of  the  computer  servo.  Signals  0O  and  0j  are  generated  at  their 
respective  pick-offs  by  reluctance  variations  produced  when  a  tooth 
on  a  rotating  gear  passes  the  pick-offs.  The  tooth  is  rotating  at  a 
speed  proportional  to  that  of  the  engine.  The  0O  signal  is  obtained 
from  the  fixed  position  pick-off,  and  87  is  obtained  from  the  pick-off 
whose  angular  position  is  adjusted  by  the  step  motor.  The  arrange¬ 
ment  of  the  pick-offs  ensures  that  0O  always  leads  0T  on  the  timing 
diagram.  The  time  between  them  is  directly  proportional  to  the  angle 
between  pick-offs. 

The  speed  computation  program  is  initiated  by  the  leading  edge 
of  0O  which  trips  register  Nfc  and  Nj  j .  The  output  signal  of  Nfc 
switches  from  1  to  0,  thereby  "gating"  the  clock  oscillator  pulses 
into  the  binary  counter.  The  binary  counter  counts  the  period  follow¬ 
ing  the  arrival  of  the  leading  edge  of  0O.  When  the  time  period  Tr 
is  counted  down,  signal  T9  will  be  switched  from  0  to  1  and  T9  from 
1  to  0.  The  leading  edge  of  0O  also  sets  registers  N7,  Nj2i  and  N17, 
N23  switching  signals  Mj  and  M9,  respectively,  from  1  to  0,  thereby 
enabling  the  error  signal_gates  N9  and  N14  to  be  switched  by  their  re¬ 
spective  signals  0j  and  T9.  If  the  leading  edge  of  0j  should  arrive 
before  the  end  of  the  reference  period  Tr  (see  broken  lines  on  the 
timing  chart)  T9  will  remain  "0,  "  T9  will  remain  "1"  and  0j  will  be 
switched  at  N15  from  "1"  to  "0.  "  Simultaneously,  register  N7,  N12 
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is  reset,  switching  My  back  to  "0."  The  above  action  will  switch  £ 
at  N9  from  "0"  to  "1"  while  at  the  same  time  disenabling  N14  so  that 
2  +  signal  cannot  be  generated  until  after  the  system  is  reset.  2  - 
is  switched  hack  to  "0"  when  T9  is  switched  to  "1"  at  the  end  of  the 
countdown.  2  -  is  supplied  directly  to  the  translator  which  through 
its  decoding  circuits  supplies  signals  to  the  step  motor  causing  it  to 
step  the  87  pick-off  (0O).  The  delay  in  the  arrival  of  the  87  is  de- 
creased^and  the  interval  between  the  arrival  of  To  and  0t  is  reduced. 

The  completion  of  the  reference  period  count  by  the  binary 
counter  before  the  arrival  of  the  leading  edge  of  0T  causes  T9  to 
switch  from  "0"  to  "1"  (see  solid  lines  on  timing  chart).  T9  switches 
from  "1"  to  '0,  "  causing  N14  to  switch  2+  from  "0"  to  "1.  "  Simul¬ 
taneously.  register  Ni7,  N23  ie  reset,  switching  M9  back  to  "0,  " 
thereby  disenabling  N9  so  that  2-  will  remain  zero  until  the  system 
is  reset.  The  arrival  of  the  leading  edge  of  87  switches  2+  back  to 
"0.  "  2  +  ,  unlike  2-.  is  not  supplied  directly  to  the  translator  but  is 

placed  at  the  input  of  the  "dead  zone"  generator  comprising  the  circuits 
from  N20  to  N22*  Here  the  leading  edge  of  2+  triggers  one  shot  2  to 
produce  a  pulse  of  width  Tb  while  the  lagging  edge  of  2+  triggers  one 
shot  1  which  produces  a  pulse  of  width  Ta*  Both  pulses  are  supplied 
to  the  input  of  N£2*  If  pulse  width  Tb  exceeds  the  sum  of  pulse  width 
Ta  and  the  width  of  2  +  ,  then  the  output  of  N22  remains  "0"  and  no 
signal  is  supplied  to  the  translator.  If  T^  is  less  than  the  sum  of  Ta 
and  the  width  2+,  then  a  signal  will  be  generated  by  A22  following 
the  termination  of  the  Tb  pulse  and  lasting  to  the  end  of  the  Ta  pulse. 
This  signal  is  transmitted  to  the  translator  which  through  its  decoding 
circuits  commands  the  step  motor  to  step  in  a  direction  that  will  re¬ 
duce  the  angular  displacement  between  87  and  0O  pick-offs.  The  de¬ 
lay  in  tne  arrival  of  87  is  decreased  and  the  interval  between  the 
arrival  of  T9  and  87  it*  reduced. 

The  lagging  edge  of  either  the  T9  or  87  signal  triggers  one 
shot  3  or  one  shot  5  which  generates  a  short  duration  pulse,  Tre*  to 
the  output  amplifier.  The  output  amplifier,  on  receiving  this  pulse, 
provides  a  reset  signal,  R,  to  the  counter  and  to  all  the  registers  in 
the  system.  This  reset  pulse  clears  the  counter  of  its  accumulated 
total  and  restores  the  registers  to  their  initial  condition.  In  addition 
to  the  reset  signal  the  lagging  edge  of  2  +  or  2*  triggers  one  shot 
3  which  generates  pulse  Tq.  Td  will  disenable  both  N9  and  N14, 
thereby  preventing  either  and  2+  or  2-  signal  from  being  genera¬ 
ted  while  this  signal  is  on.  The  period  of  Tq  ii  selected  to  prevent 
the  computer  from  pulsing  the  step  motor  at  a  rate  exceeding  its 
maximum  response  rate. 
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The  overall  effect  of  the  computer  servo  control  action  des¬ 
cribed  above  is  to  maintain  the  adjustable  pick-off  in  a  position  which 
for  a  given  gear  speed  produces  a  Qy  signal  whose  leading  edge  follows 
that  of  T9  and  is  separated  from  it  by  an  interval  not  greater  than  the 
difference  between  pulse  width  and  T^.  T9  of  course  signifies  the 
completion  of  the  reference  period  Tp  while  T^  -  T^  is  the  maximum 
allowable  quantum  timing  error  in  the  system. 

Figure  30  is  a  block  diagram  of  the  speed  computer  servo  trans¬ 
lator*  and  Figure  31  provides  a  timing  diagram  describing  translator 
operation.  The  purpose  of  the  translator  is  to  accept  bidirectional  com¬ 
mand  pulses  (cw  or  ccw)  corresponding  to  £  +  or  I  -  errors  in  3D  cam 
position,  and  to  convert  these  to  output  signals  0 1 ,  Tj,  0%,  and  T2. 
which  when  amplified  will  result  in  incremental  stepping  of  a  step  motor 
in  exact  correspondence  with  the  command.  Our  significant  output  sig¬ 
nals  are  provided  by  FFj  and  FF2  through  their  associated  amplifiers 
^12*  N 1 3 ,  N14,  and  N15.  Each  of  the  four  possible  combinations  of 
Pi  and  02  represents  one  of  four  unique  positions  of  the  step  motor. 

A  sequential  step  in  either  direction  to  the  next  adjacent  position  re¬ 
quires  a  change  of  state  of  FFi  and/or  FF2-  The  exact  change  re¬ 
quired  is  dictated  by  the  command  direction  and  the  initial  states  of 
FFl  and  FF2-  The  network  composed  of  Ni  through  N9  and  Nifc  and 
N17  generates  this  decision  and  transmits  it  through  the  delay  com¬ 
prised  of  N10  and  Ogl  and/or  N[  j  and  Os2-  These  delays  are  requir¬ 
ed  in  order  to  avoid  generating  a  signal  whose  constituent  components 
are  in  a  transient  state. 

System  Performance  and  Design  Requirements 

The  computer  servo  is  designed  to  perform  in  accordance  with 
the  following  specifications: 

1)  Accuracy:  The  maximum  allowable  error  in  positioning  the 
3D  cam  as  a  linear  function  of  engine  speed  is  1  / 3  percent  of  full 
scale  (100-percent  engine  speed). 

2)  Speed  of  Response:  At  100-percent  engine  speed,  the  computer 
servo  must  be  capable  of  following  with  negligible  attenuation  and 
phase  lag  a  4-percent  peak-to-peak,  2-c.p.  s.  variation  in  engine 
speed. 

3)  Stability:  The  computer  servo  must  not  "limit  cycle"  (hunt) 
under  steady -state  conditions. 
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4)  Torqu<*  Output:  The  maximum  torque  the  computer  servo  is 
capable  of  applying  at  the  3D  cam  shaft  must  be  at  least  twice  as 
large  as  the  maximum  driving  torque  requirements  of  the  3D  cam 
mechanism . 

5)  Environmental-  The  computer  servo  must  provide  its  re¬ 
quired  performance  under  the  environmental  operating  conditions  of 
the  fuel  controller  (see  Reference  1). 

In  order  to  ensure  that  the  selected  system,  Figure  28, 
meets  the  above  specifications,  the  operation  of  each  component  com¬ 
prising  the  system  must  be  compatible  with  the  overall  system  opera¬ 
ting  requirements.  System  specifications  must  therefore  be  trans¬ 
lated  by  the  system  designer  into  component  (or  subsystem)  specifi¬ 
cations  which  will  ensure  compatibility. 

The  operation  of  the  engine  speed  computer  servo  can  be  sub¬ 
divided  into  three  major  functions,  that  is,  sensing,  computing,  and 
signal  processing,  and  actuating.  Figure  32  is  a  simplified  functional 
block  diagram  of  the  computer  servo  system  which  includes  the  above 
functions  and  illustrates  their  interrelationships. 

In  the  selected  system,  computing  is  performed  digitally,  ac¬ 
tuation  is  provided  by  a  step  servo  motor  which  is  operating  essen¬ 
tially  as  a  digital  to  analog  transducer  as  well  as  a  positioning  device, 
and  sensing,  which  is  performed  for  both  engine  speed  and  shaft  po¬ 
sition  by  a  single  device,  also  provides  analog  to  digital  conversion. 

In  this  digital  type  of  system,  accuracy  is  determined  by  the  device 
providing  the  largest  quantum  error  rather  than  by  the  RMS  sum  of  the 
component  errors  characteristic  of  analog  systems. 

The  step  servo  motor  is  capable  of  positioning  the  3D  cam  to 
within  an  increment  of  its  output  shaft  angular  position,  thus  contribu¬ 
ting  a  quantum  of  error  in  generating  the  reference  period,  Tr.  It 
times  this  period  by  a  binary  count  of  discrete  clock  pulses;  there¬ 
fore,  the  interval  between  successive  pulses  cannot  be  measured. 

This  contributes  a  quantum  error  to  the  system.  The  magnitude  of 
this  error  will  depend  on  the  clock  pulse  frequency  in  the  computer, 
the  error  being  inversely  proportional  to  clock  frequency.  The  sense 
provides  the  computer  with  a  pulse  position  modulated  signal  in  which 
the  shaft  position  error  is  proportional  to  the  time  interval  between 
the  fixed  pick-off  pulse  and  the  adjustable  pick-off  pulse  that  follows 
it.  The  error  in  this  signal  is  due  primarily  to  pulse  "jitter." 


36 


If  the  actuator  contributes  the  largest  quantum  error  and  if 
this  is  not  excessive  (less  than  1  3  of  1  percent  of  full  scali  the  3D 

cam  error  will  not  exceed  it  and  the  system  will  meet  its  specifica¬ 
tion  for  accuracy.  However,  it  will  fail  its  stability  specification  be¬ 
cause  the  computer,  responsive  to  errors  of  lesser  magnitude,  will 
continually  command  the  actuator  on  the  basis  of  errors  it  cannot  cor¬ 
rect,  resulting  in  "hunting''  during  steady-state  conditions.  To  ensure 
stability,  the  actuator  quantum  error  must  not  exceed  that  of  the  com¬ 
puter.  The  peak  error  generated  by  jitter  in  the  transducer  output 
signal  must  also  be  less  than  the  quantum  error  of  the  computer.  If 
this  condition  is  not  satisfied,  then  the  system  will  tend  to  oscillate 
in  response  to  the  jitter  in  the  error  signal.  In  conclusion,  both  sys¬ 
tem  accuracy  and  stability  specifications  can  be  met  by  designing  the 
system  so  that  the  computer  provides  the  maximum  error  and  that 
the  magnitude  of  this  error  does  not  exceed  1/3  of  1  percent  of  full 
scale. 


The  response  speed  of  the  system  is  determined  primarily  by 
the  cCtuator  since  it  is  the  slowest  acting  device.  Since  actuators 
cannot  act  until  signalled  by  the  computer,  the  delay  in  sensing  and 
computing  the  control  signal  must  be  added  to  that  of  the  actuator. 
The  sensor  and  computer  delays  overlap  each  other  during  most  of 
their  operating  period,  since  the  fixed  pick-off  pulse  from  the  sensor 
initiates  the  computer  operation  and  the  computer  control  signal  is 
generated  shortly  after  the  arrival  of  the  adjustable  pick-off  pulse. 
The  computer's  operating  speed  capabilities  are  much  higher  than 
that  of  the  sensor  which  is  limited  by  mechanical  design  considera¬ 
tions.  The  response  speed  of  the  sensor  is  therefore  the  limiting 
factor  in  determining  computer  speed  of  response. 

In  a  digital  operating  system,  the  speed  of  response  is  es¬ 
sentially  given  by  the  stepping  rate  that  the  system  can  develop  in 
stepping  from  an  initial  to  a  final  steady-state  position.  The  step¬ 
ping  rate  required  of  the  system  to  enable  it  to  provide  simultane¬ 
ously  the  specified  accuracy  and  speed  of  response  (see  above)  is 
given  by  the  equation  below: 


*Ff 

P  =  - 

Q 


where 


P 


system  stepping  rate  (steps/sec.) 
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F  =  Peak-to-peak  amplitude  of  input  signal 

f  =  Frequency  of  input  signal 

Q  =  Quantum  error  of  system 

For  a  system  which  satisfies  both  the  accuracy  and  response 
speed  requirements,  the  stepping  must  be  equal  to  or  greater  than: 

ir  x  4  x  2 

p  =  -  =  75  8tep8  per  second 

1/3 

This  corresponds  to  a  step  period  of  13  milliseconds.  The 
system  must  be  capable  of  supplying  this  stepping  rate  or  better 
under  full  output  torque  conditions. 

The  torque  and  power  output  capabilities  of  the  system  are 
determined  entirely  by  the  step  servomotor.  The  maximum  driv¬ 
ing  torque  requirement  of  the  3D  cam  is  not  expected  to  exceed  5 
inch-pounds.  The  step  servomotor  must  be  capable  of  supplying  at 
least  twice  this  load  (10  inch-pounds)  at  the  3D  cam,  while  maintain¬ 
ing  its  stepping  speed  above  the  minimum  rate  of  75  steps  per  second. 
The  stepping  speed  of  the  motor  at  maximum  load  must  exceed  the 
minimum  system  stepping  rate  sufficiently  to  allow  time  for  the  com¬ 
puter  and  sensor  operations. 

As  far  as  environmental  specifications  are  concerned,  there 
appears  to  be  no  problem  in  providing  components  capable  of  opera¬ 
ting  in  the  specified  temperature  range  of  the  fuel  control.  The  com¬ 
puter  transistor  modules  are  the  elements  in  the  system  most  affec¬ 
ted  by  temperature  rise,  but  with  proper  packaging  it  will  be  possible 
to  operate  them  without  failures.  Acceleration  and  vibration  have 
the  greatest  effect  on  the  mechanical  components:  the  sensor  and  ac¬ 
tuator:  however,  since  these  are  low  inertia  devices  the  effect  of  ac¬ 
celeration  (and  vibration)  on  their  operation  is  expected  to  be  second 
order  in  magnitude. 

System  Component  Design  Considerations 

The  actuator  which  was  selected  for  the  proposed  system  is  com¬ 
mercially  available  and  can  provide  a  maximum  stepping  rate  at  no  load 
of  145  steps  per  secondwhile  its  maximum  running  torque  is  3.7  inch- 
ounces  at  less  than  5  steps  per  second.  It  is  a  four-phase  machine  with 
a  maximum  power  dissipation  of  18.  5  watts  per  phase  at  28  v.d.c. 
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supply.  This  device  provides  four  steps  in  a  single  rotation  and  is 
capable  of  positioning  its  rotor  within  a  90°  segment  providing  its 
stall  torque  is  not  exceeded. 

The  maximum  driving  torque  of  the  3D  cam  is  5  inch-pounds 
at  the  3D  cam  and  the  allowable  error  in  cam  position ’must  not  exceed 
1/3  percent  of  full  scale.  The  full-scale  pick-off  displacement  is  36° 
and  corresponds  to  100-percent  engine  opeed.  Therefore  a  speed  re¬ 
duction  is  required  between  the  step  servo  motor  output  shaft  and  the 
3D  cam  to  convert  the  step  motor  motion  and  torque  output  into  that 
required  by  the  cam.  The  gear  ratio  of  the  reductor  can  be  calcu¬ 
lated  from  the  equation  below 


36C 

R  =  - 

4a  Q 


where 

R  -  reductor  gear  ratio 

Cl  =  is  the  full  pick-off  displacement  =  36° 

Q  =  allowable  percentage  of  quantum  error  =  l/3  of 

1  percent  of  full  scale 

On  the  basis  of  the  above  parameter  values,  the  gear  ratio  should  be 

360 

R  =  -  =  7  50:1 

4  x  36  x  (1/300) 

The  load  torque  (Tl)  on  the  motor  at  maximum  cam  driving  torque  is 
therefore 


5  in.  /lb  x  16  oz/lb 

T l  =  -  =  0.  12  in-oz. 

750 

If  we  assume  that  the  relationship  between  motor  torque  and  speed  is 
linear  (a  valid  assumption  in  a  first-order  approximation), then  the 
stepping  rate  of  the  motor  at  maximum  driving  torque  is  computed 
from  the  equation  below: 
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p  p  p 

max  max  "  L 


T 

1  max 


where 

Pmax  =  no  step  rate  =  145  steps/sec. 

Tmax  =  maximum  running  torque  =3.7  in-oz. 

Tl  =  maximum  output  torque  =  0.  12  in-oz. 

PL  =  step  rate  at  maximum  output  torque 

For  the  above  parameter  values,  Pl  is: 

0.  12 

PL  =  145  1  -  -  =  145  (0.9675)  =  140  steps/sec. 

3.7 

Therefore,  the  maximum  delay  in  stepping  through  a  single  quantum 
is  about  7  milliseconds. 

The  sensor,  Figure  28.  is  a  variable  reluctance  tachometer 
(see  above  and  paragraph  5.  1.2.  2)  which  is  to  be  developed  for  this 
application.  Its  operation  is  in  principle  the  same  as  any  of  the  con¬ 
ventional  reluctance  tachometer  devices  except  that  the  teeth  are  cut 
on  the  inner  circumference  of  the  gear  and  the  two  pick-offs  are 
placed  inside  the  gear.  The  gear  rotates  around  the  pick-offs  in 
proportion  to  engine  speed.  This  is  a  phase  measuring  device  which 
for  a  single  tooth  gear  would  generate  two  pulses,  one  from  the  fixed 
pick-off  followed  by  a  pulse  from  the  pick-off  whose  angular  position 
is  adjusted  by  the  step  servomotor  .  The  time  iiiterval  between 
these  two  pulses  is  a  measure  of  the  3D  cam  position  while  the  pulse 
repetition  rate  is  a  measure  of  engine  speed.  The  computer  and 
sensor  are  designed  to  operate  together  and  the  computing  period  is 
included  in  the  time  interval  separating  successive  fixed  pick-off 
pulses.  Since  this  interval  must  be  added  to  the  step  servomotor 
delay  (7  milliseconds)  discussed  above,  it  must  not  exceed  6  milli¬ 
seconds  if  the  maximum  system  delay  of  13  milliseconds  is  not  to  be 
exceeded.  A  single-tooth  gear  would  require  better  than  100  c.p.  s. 
(6000  r.  p.  m.  )  of  the  gear  to  generate  a  computing  time  interval  less 
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than  10  milliseconds  long.  Speeds  in  excess  of  6000  r.p.m.  are 
generally  not  desirable  in  engine  fuel  control  devices  (largely  be¬ 
cause  of  gyroscope  and  dynamic  balancing  problems),  particularly 
where  a  large  g  field  is  present  and  are  best  avoided.  This  problem 
is  overcome  by  running  the  gear  at  100  c.  p.  s.  at  100-percent  engine 
speed  and  providing  a  multitooth  gear.  In  this  device,  a  ten-tooth 
gear  is  provided  which  gives  a  computing  interval  of  1-millisecond 
duration.  The  total  delay  in  the  system  is  therefore  about  8  milli¬ 
seconds  or  almost  half  of  the  maximum  allowable  delay  of  13  milli¬ 
seconds.  This  system  is  to  be  designed  with  the  capability  of  step¬ 
ping  almost  twice  as  fast  as  its  specifications  require.  A  1 -milli¬ 
second  pulse  repetition  rate  generated  by  a  ten-tooth  gear  whose 
outer  diameter  is  about  1  inch  imposes  a  number  of  constraints  on 
the  design  of  the  sensor.  This  particular  configuration  has  been  se¬ 
lected  because  it  provides  a  compact  device  with  efficient  utilization 
of  space  for  a  given  outer  dimension.  A  multitooth-gear  reluctance 
generator  requires  a  good  deal  of  control  over  gear-tooth  pitch  vari¬ 
ations  in  both  the  sensor  gear  and  the  speed  reductor  which  couples 
it  to  the  engine  shaft.  Antibacklash  gears  are  also  required  in  the 
construction  of  the  reductor,  coupling  the  step-  servomotor  to  the 
sensor.  The  primary  effect  of  backlash  and  variations  in  gear  tooth 
pitch  is  the  introduction  of  jitter  in  the  sensor  signal  (see  above). 
Another  source  of  jitter  is  noise  in  the  signal  generated  by  air  gap 
variations  (due  to  vibration)  and  thermal  activity  in  the  electronic 
components.  Their  effect  on  the  signal  can  be  minimized  by  design¬ 
ing  the  pick-offs  to  generate  sharp-edged  pulses.  To  achieve  this, 
the  pick-offs  must  be  designed  for  minimum  inductance,  leakage  flux, 
and  fringing  at  the  poles.  These  are  affected  in  the  design  by  restric¬ 
ting  the  number  of  turns  of  the  pick-off  coils,  providing  a  relatively 
thin  coil  compared  to  core  diameter  and  by  careful  attention  to  the 
shaping  of  the  poles  (gear  teeth).  The  RMS  sum  of  the  jitter  intro¬ 
duced  from  each  separate  source  must  not  exceed  the  system  quan¬ 
tum  error  if  the  system  is  to  remain  unresponsive  to  jitter.  For  a 
quantum  error  of  1/3  of  1  percent  of  full  scale,  this  indeed  a  strin¬ 
gent  but  not  impractical  design  requirement  for  the  sensor. 

The  computer  which  generates  and  translates  the  error  cor¬ 
rection  signals  provided  at  the  input  of  the  actuator  drivers  is  des¬ 
cribed  in  detail  in  the  first  part  of  this  section.  Some  of  the  opera¬ 
tions  described  above  become  more  meaningful  when  examined  in  terms 
of  the  operation  of  its  input  and  output  components  and  the  overall 
system.  The  rapid  speed  of  the  computer  requires  that  it  be  provided 
with  a  dead  zone  time  delay  to  prevent  hunting,  as  discussed  above. 
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In  addition,  a  time  delay  must  be  provided  which  will  disable  the  com¬ 
puter  for  at  least  7  milliseconds  following  the  generation  of  a  command 
signal  to  the  actuator.  This  is  required  because  any  signaling  from 
the  computer  demanding  a  faster  step  rate  from  the  actuator  than  its 
maximum  response  will  not  result  in  actuator  motion,  and  in  all  like¬ 
lihood  will  result  in  overheating  of  this  device.  The  computer  action 
is  therefore  to  command  a  single  quantum  correction  of  the  error  1 
millisecond  after  it  has  occurred  and  then  to  delay  the  next  correction 
7  milliseconds. 

The  control  signal  supplied  to  the  actuator  is  in  the  form  of  a 
short  duration  pulse  which  switches  a  flip-flop  (see  Figure  33).  Each 
half  of  the  flip-flop  supplies  current  to  a  single  phase  of  the  motor 
winding.  The  current  will  remain  on  or  off  in  a  given  winding  until 
another  control  pulse  is  received  from  the  computer  translator  at  the 
input  of  the  flip-flop.  In  this  way  torque  current  can  be  supplied  to 
the  motor  winding  without  requiring  a  steady- state  error  in  the  sys¬ 
tem.  Because  this  is  a  closed  loop  system,  inadvertent  switchover 
or  failure  to  switch  in  any  of  the  four  flip-flops  is  self-corrective 
and  tolerable  if  it  does  not  occur  too  frequently.  In  Figures  33  and 
34  are  examples  of  typical  circuitry  used  to  perform  the  logical  oper¬ 
ations  in  the  computer  and  translator.  These  circuits  require  regu¬ 
lated  power  supplies  to  operate  properly  (about  +  5  percent  or  better). 
A  typical  power  supply  circuit  which  would  be  provided  in  this  system 
is  illustrated  by  Figure  35.  It  should  be  noted  that  aircraft  d.c.  power 
(+  28  volts)  is  the  basic  source  of  electrical  power  in  this  system  and 
is  supplied  directly  to  the  motor  windings  as  well  as  to  the  regulated 
voltage  supplies.  The  maximum  load  current  from  this  supply  is  not 
expected  to  exceed  2  amperes  at  any  time  during  the  operation. 

4.  2.  13  Speed  Governor  Amplifier 

A  schematic  of  the  speed  governor  amplifier  is  shown  in  Fig¬ 
ure  36.  The  system  incorporates  a  floating  summation  linkage,  a 
four-way  spool  valve,  and  a  hydraulic  power  piston. 

There  are  two  position  inputs  to  the  system:  X  input  which  is 
a  measure  of  the  engine  speed,  and  Y  input  which  is  a  measure  of  the 
desired  cut-in  speed.  The  output  is  the  position  signal  Z  which  dur¬ 
ing  governor  operation  positions  the  main  metering  valve. 
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Method  of  Operation 


The  summation  linkage  compares  the  desired  cut-in  speed 
with  the  actual  speed.  If  the  actual  speed  is  less  than  the  cut-in 
speed,  the  servo  valve  will  be  to  the  left  of  its  null  position.  There¬ 
fore,  Pj  will  be  ported  to  boost  pressure,  P2  will  be  ported' to  sup¬ 
ply  pressure,  and  the  actuator  will  be  hard  over  to  the  right.  As  the 
engine  speed  increases,  X  moves  to  the  left  and  through  linkage 
/  1  $2  causes  the  servo  valve  to  move  to  the  right.  When  the  engine 
speed  is  equal  to  the  cut-in  speed  the  servo  valve  will  be  at  its  null 
position.  As  the  engine  speed  continues  to  increase,  the  servo  valve 
will  be  deflected  to  the  right  side  of  its  null  position.  This  ports 
supply  pressure  to  Pj  and  boost  pressure  to  P£.  The  piston  there¬ 
fore  moves  to  the  left  and  due  to  the  feedback  linky/4/13  will  move 
a  distance  which  is  proportional  to  the  difference  between  the  cut-in 
speed  and  the  actual  speed.  The  net  result  of  the  operating  sequence 
described  above  is  a  hydraulic-powered,  null-type  position  system 
wherein  the  output  position  is  proportional  to  the  difference  between 
the  cut-in  speed  and  the  actual  speed. 


Design  and  Performance  Summary 

The  following  table  summarizes  the  design  and  performance 
of  the  system.  Nomenclature  is  defined  in  Figure  36, 


Ap 

Viz 

AX/a  n 
ay/am 

AZ/(N-N*) 


0.  5  in. 

1.  33 

6.  0 

0.  0045  in.  /percent 
0.  0095  in.  /percent 
0.  0135  in.  /percent 


governing  range  40  to  106  percent  speed 


Accuracy 

Previous  experience  on  this  type  governing  system  shows 
speed  accuracies  of  l/4  of  1  percent.  However,  based  on  the  as¬ 
sumption  that  the  steady-state  fuel  schedules  correct  as  a  function 
of  Vo,  the  speed  accuracies  specified  cannot  be  met.  It  is  there¬ 
fore  necessary  to  bias  the  governor  cut-in  speed  as  a  function  of 
compressor  inlet  temperature.  Figure  37,  which  is  a  plot  of  speed 
error  versus  inlet  temperature  for  100-and  50-percent  speed, 
shows  that  this  method  of  biasing  cut-in  speed  reduces  the  speed 
error  to  within  the  specified  limits. 
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Firce  Output  Capability 


The  maximum  force  output  of  the  piston  is  0.  5  Pp.  There¬ 
fore,  (Pjr  -  100  p.  s.  i.  minimum)  the  minimum  force  occurs  at  Pp  = 
100  p.  s.  i.  and  is  50  pounds.  The  maximum  force  required  to  move 
the  metering  valve  is  25.6  pounds.  Allowing  10  pounds‘force  for 
friction  leaves  a  15-pound  safety  factor. 

8  Field  Orientation 


The  speed  governing  system  will  be  oriented  in  the  g  field  so 
that  the  powered  components  support  the  g  loads.  Linkages  will  be 
rough  balanced  to  minimize  g  field  forces. 

Time  Response 

The  transfer  function  from  input  X  to  output  Z,  based  on  a 
linearized  analysis,  is  given  by 

Z  3 


x  0. 007s  ♦  1 


5.  COMPONENT  STUDIES 

Various  methods  of  accomplishing  the  required  functions  are 
examined  in  this  section  of  the  report  in  order  to  permit  an  overall 
system  selection.  The  functions  to  be  accomplished  have  been  assigned 
tentative  accuracy  requirements  upon  which  to  judge  the  usefulness  of 
the  design.  It  will  be  noted  that  the  accuracies  differ  depending  upon 
the  system  with  which  they  would  be  integrated. 

Parameter  sensing  and  amplifying,  mode  of  computing,  meter¬ 
ing  system,  and  pumping  systems  will  be  discussed  in  this  section  of 
the  report. 

5.  1  Parameter  Sensing  and  Amplifying 

For  the  accomplishment  of  the  control  function  in  accordance 
with  the  block  diagram,  Figure  10,  three  parameters  must  be  sensed 
and  amplified,  these  being  compressor  discharge  pressure,  engine 
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speed,  and  compressor  inlet  temperature.  The  basic  problem  in  ail 
three  cases  is  that  of  making  the  components  insensitive  to  the  vary¬ 
ing  g  field. 

5.  1.  1  Compressor  Discharge  Pressure 

It  is  required  to  sense  the  signal  pressure  and  provide  an  out¬ 
put,  powered  or  otherwise,  which  will  be  insensitive  to  g  loading. 

Any  practical  method  of  sensing  pressure  involves  a  force  and  a  dis¬ 
placement  and,  therefore,  may  be  sensitive  to  g  loading  depending 
upon  the  load  orientation.  An  overall  accuracy  from  sensed  signal 
to  output  of  the  order  of  1  percent  of  full  scale  ha*  been  assigned 
this  component. 

Hydromechanical,  electromechanical,  and  electropneumatic 
methods  are  investigated,  with  the  former  appearing  the  most  de¬ 
sirable. 

5.  1.  1.  1  Hydromechanical  (Reference  Figure  20 ) 

This  method  utilizes  a  pair  of  opposed  bellows, one  being  evacu¬ 
ated,  a  three-way  servo  valve,  a  power  piston,  and  a  feedback  spring. 
A  powered  output  is  provided  as  a  linear  function  of  the  input  pres¬ 
sure.  The  system  is  called  a  force  feedback  servo  amplifier. 

It  is  assumed  for  this  application  that  the  error  just  due  to 
sensing  must  not  exceed  +  l/4  of  1  percent,  thus  leaving  +_  3/4  of  1 
percent  for  amplifier.  Orientation  to  the  g  load  is  considered  of 
prime  importance  for  this  application.  As  pointed  out  in  the  Appendix, 
a  spring  or  bellows  can  be  designed  to  exhibit  a  negligible  change  in 
force  in  the  axial  direction  when  subjected  to  purely  lateral  acceler¬ 
ation  forces.  If  the  spring  or  bellows  is  g  loaded  such  that  a  force 
component  lies  along  the  axis,  then  the  force  applied  to  a  system  by 
the  spring  will  vary  in  proportion  to  the  g  load.  Since  the  g  load  is 
considered  to  be  applied  in  a  fixed  direction  and  lateral  to  the  spring 
axis,  then  the  sensing  and  feedback  portion  of  the  system  depicted 
by  Figure  20  should  be  relatively  insensitive  to  the  g  loading. 

A  servo  system  is  capable  of  supporting  extraneous  forces 
without  appreicable  error;  and,  therefore,  if  the  power  piston  is 
loaded  along  its  axis,  all  the  linkages  connected  to  the  power  piston, 
up  to  and  including  the  spring  support,  can  be  supported  by  the  hy¬ 
draulic  force  of  the  power  piston.  This  will  cause  an  error  of  the 
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second  order  in  the  signal  amplification,  but  this  can  be  minimized 
with  the  use  of  a  high  gain  servo  valve.  To  minimize  the  error  due 
to  the  g  loading  on  the  power  piston,  the  piston  may  be  balanced  with¬ 
in  the  limits  permitted  by  ordinary  manufacturing  tolerance.  Exact 
balancing  would  not  be  necessary. 

A  half-ball-type  servo  valve,  although  not  conducive  to  permit¬ 
ting  extremely  high  gains,  must  be  used  so  that  there  is  no  extra 
hardware  attached  to  the  force  balance  lever  to  allow  erroneous  force 
inputs  due  to  g  loading.  Errors  on  the  force  balance  lever  would 
cause  an  output  error  of  the  first  order.  Any  type  of  servo  valve  that 
is  attached  to  the  force  balance  lever  would  require  precise  balanc¬ 
ing  on  a  whirl  rig.  If  the  required  accuracy  cannot  be  achieved  with 
a  single  three-way  valve,  two  three-way  valves  could  be  used.  In 
this  case,  the  piston  areas  would  be  equal. 

The  force  balance  lever  is  supported  on  a  pair  of  ball  bear¬ 
ings  which  can  be  sized  to  support  adequately  the  torque  load  applied 
by  the  g  loading. 

5. 1.1. 2  Electromechanical/Electropneumatic  Pressure 
Transducers 


The  most  common  transducers  which  provide  an  electrical 
output  as  a  measure  of  input  pressure  are  conventional  types  of  pres¬ 
sure  sensors  (bellows,  diaphragm,  and  so  forth)  equipped  with  a 
transducer  that  converts  their  mechanical  output  (displacement  force, 
strain,  and  so  forth)  into  a  proportional  electrical  signal  (usually 
voltage).  These  transducers  are  characteristically  analog  in  that  the 
pressure  level  information,  at  any  instant  of  time,  is  found  in  the 
amplitude  of  the  output  signal. 

This  type  of  output  can  be  supplied  directly  and  without  fur¬ 
ther  signal  conditioning  to  analog  computer  circuitry  described  in 
paragraph  5.  2.  4  of  this  report.  In  paragraph  5.  2.  4,  however,  it  is 
concluded  that  digital  computing  techniques  are  preferable  to  analog 
in  this  application.  Digital  computing  methods  operate  on  the  basis 
of  counting  discrete  quantities  (called  quantums)  and  therefore  re¬ 
quire  signal  inputs  in  the  form  of  pulses  rather  than  a  continuously 
varying  signal  lever . 
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The  pressure  level  information  now  resides  in  the  frequency 
or  pulse  repetition  rate  of  the  transducer  output  signal.  Therefore, 
the  function  required  of  the  "Compressor  Discharge  Pressure'  (PC(j) 
transducer  in  a  digital  application  illustrated  in  Figure  38  is,  prefer¬ 
ably,  a  single  device  which  can  receive  Pc(j  as  an  input  and  supply 
an  F.M.  signal  in  which  frequency  deviation  is  proportional.  The 
existence  of  a  single  device  (defined  as  composed  of  elements  which 
by  themselves  are  incapable  of  transducing  pressure)  providing  an 
F.M.  output  signal  is  unknown  to  the  author.  However,  an  F.M.  sig¬ 
nal  can  be  obtained  from  an  analog  type  pressure  sensor  by  coupling 
its  output  to  the  input  of  an  F.M.  oscillator  as  illustrated  in  Figure  39. 

If  the  output  of  the  analog  pressure  sensor  is  a  voltage  pro¬ 
portional  to  pressure,  it  can  be  utilized  in  frequency  modulating  the 
carrier  frequency  of  a  standard  voltage-controlled  oscillator  (VCO) 
which  is  frequently  used  in  telemetering  systems.  An  F.  M.  signal 
can  also  be  obtained  by  having  the  pressure  sensor  change  the  in¬ 
ductance  (or  capacitance)  and  therefore  the  tuning  of  an  oscillator's 
tank  circuit. 

A  number  of  analog  pressure-sensing  devices  have  been  re¬ 
viewed  and  the  results  are  given  in  Figure  40.  Indications  are  that 
the  best  accuracy  that  can  be  expected  from  the  approach  of  Figure 
39  using  "off  the  shelf"  or  presently  operational  pressure  sensors 
and  F.M.  oscillators  is  +  3  percent  of  full-scale  error,  or  greater, 
under  the  given  environmental  conditions.  This  error  is  more  than 
three  times  the  maximum  error  in  pressure  transducing  that  can  be 
tolerated  in  this  system  (+  1  percent). 

Because  of  the  error  inherent  in  the  analog  type  of  pressure 
sensor,  other  forms  of  F.M.  pressure  transducing,  such  as  the  vi¬ 
bration  (which  uses  a  vibrating  string  in  which  F.  M.  is  obtained  by 
varying  string  tension  with  a  pressure  transducer)  are  expected  to 
possess  equally  large  errors. 

A  number  of  manufacturers  of  pressure  transducers  have 
been  contacted  and  some  have  indicated  an  interest  in  reviewing  the 
possibility  of  extending  the  accuracy  and  operating  environmental 
range  of  their  devices  to  meet  our  requirements.  This  would  require 
some  development  as  well  as  redesign  of  existing  devices. 

Figure  41  represents  a  radically  different  approach  to  the 
problem.  Here,  a  device  is  provided  in  which  Pc<j  is  transduced 
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into  an  F.  M.  pressure  wave  which  is  sensed  and  transduced  into  an 
F.  M.  output  signal  by  a  dynamic  pressure  sensor  such  as  a  crystal. 
The  pressure  sensor  in  this  configuration  would  contribute  negligible 
error  to  the  output  signal  since  the  Pcd  information  is  in  the  fre¬ 
quency  of  the  signal  and  not  in  its  amplitude.  It  would  therefore  have 
to  be  capable  only  of  response  in  the  operating  frequency  range  at  an 
acceptable  power  level. 

A  commercially  available  dynamic  pressure  transducer  such 
as  is  included  in  Figure  40  could  satisfy  this  requirement. 

The  difficulty  in  the  scheme  represented  by  Figure  41  is  the 
procurement  ofa  suitable  F.  M.  pressure  transducer.  Theoretical  con¬ 
siderations  and  experimental  data  indicates  that  a  bistable  pure  fluid 
device,  commonly  referred  to  as  a  DOFL  valve,  can  be  utilized  as  an 
F.  M.  pressure  transducer.  However,  a  good  deal  of  development  will 
be  required  before  this  device  will  be  able  to  supply  the  accuracy  re¬ 
quired  in  the  pressure  and  environmental  range  of  the  proposed  fuel 
control. 


Because  of  the  inherent  simplicity  and  economy  of  this  ap¬ 
proach,  a  program  of  continuing  study  into  the  feasibility  of  the  DOFL 
valve  as  an  F.  M.  pressure  transducer  is  recommended. 

Figure  42  represents  a  system  of  pressure  sensing  in  which 
a  feedback  system  utilizing  an  instrument  servo  and  a  regulated  pres¬ 
sure  supply  is  provided  with  a  conventional  dynamic  (crystal)  pres¬ 
sure  sensor  to  measure  Pc<j  .  This  system,  by  its  very  nature,  is  a 
good  deal  more  complex  than  the  previous  three  and  can  therefore  be 
expected  to  be  more  costly  and  less  reliable.  Its  feasibility  depends 
primarily  on: 

i)  The  ability  to  procure  or  design  a  two-part  pressure 
valve  capable  of  being  oscillated  at  a  frequency  of 
several  cycles  per  second  without  appreciably  at¬ 
tenuating  pressure  response  at  the  dynamic  pickup. 

b)  The  accuracy  and  repeatability  of  the  regulated  pres¬ 
sure  supply  as  a  function  of  servomotor  shaft  position. 

c)  The  threshold  sensitivity  of  the  dynamic  pressure 
sensor. 
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The  system  operates  in  the  following  manner:  The  pulsated 
pressure  valve  switches  the  pressure  applied  to  the  pickup  continu¬ 
ously  between  Pc(j  and  reference  pressure  at  some  desirable  fre¬ 
quency  (as  determined  by  the  astable  multivibrator).  The  output  is 
therefore  a  puleating  signal  in  which  the  peak-to-peak  amplitude  is 
proportional  to  the  difference  in  pressure  between  the  Pccj  and  ref¬ 
erence  sources.  This  signal  is  amplified,  demodulated,  and  then 
supplied  to  the  control  winding  of  a  servomotor.  The  motor,  which 
controls  the  regulated  pressure  supply  will  turn  in  a  direction  which 
will  cause  the  reference  pressure  to  approach  the  Pcd  level.  When 
this  occurs,  the  peak-to-peak  amplitude  of  the  pulsating  signal  is  re 
duced  to  zero  and  the  motor  stops  turning.  1  he  motor  shaft  is  con¬ 
nected  to  an  F.  M.  oscillator  where  it  can  adjust  the  tuned  frequency 
of  an  oscillator  proportional  to  its  position,  thereby  producing  an 
F.  M.  output  signal  in  which  frequency  deviation  is  a  function  of  PC(j 
level. 


This  system  is  independent  of  temperature  and  acceleration 
effects  on  signal  null  and  gain  because  of  two  factors: 

a)  The  dynamic  pressure  pick-offs  are  insensitive  to 
static  effects  such  as  null  shift  produced  by  tem¬ 
perature  and  acceleration  loading. 

b)  The  variation  of  pressure  pick-off  gain  with  tem¬ 
perature  has  no  effect  on  the  steady-state  output  of 
the  F.  M.  signal  transducer  since  this  is  a  closed- 
loop,  null-seeking  system. 

Because  the  system  of  Figure  42  is  a  closed-loop  instrument- 
type  servo,  attention  must  be  given  to  its  dynamic  response  and  sta¬ 
bility  in  its  development. 

The  feasibility  of  this  system  is  dependent  upon  the  improve¬ 
ment  in  Pcd  measurement  accuracy  obtained  through  its  use  as  com 
pared  with  the  accuracy  obtainable  from  the  systems  of  Figures  39 
and  41.  A  significant  reduction  in  Pcd  error  must  be  expected  to 
justify  the  increased  complexity  and  cost  of  the  system  illustrated 
in  Figure  42- 

Of  the  several  methods  of  transducing  pressure  into  a  fre¬ 
quency  modulated  (F.M.  )  signal  that  have  been  investigated  in  this 
report  and  which  are  represented  as  "black  box"  diagrams  in 
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Figures  38,  39,  41,  and  42,  the  results  indicate  that  no  off-the-shelf 
or  presently  operational  devices  exist  to  the  knowledge  of  the  author 
that  will  meet  all  the  performance  and  environmental  requirements 
listed  in  Figure  38.  On  the  basis  of  available  information,  it  is  con¬ 
cluded  that  a  suitable  electrical  pressure  transducer  for  our  applica¬ 
tion  requires  development.  The  approaches  described  in  Figures  39 
and  41  appear  to  offer  the  greatest  potential  for  development  of  a 
relatively  simple,  inexpensive,  yet  reliable  device  capable  of  pro¬ 
viding  high  accuracy  under  severe  environmental  conditions.  A 
program  of  continued  study  of  both  types  of  pressure  transducers  to 
determine  feasibility  and  relative  merits  is  therefore  recommended. 

5.1.2  Engine  Speed 

It  is  necessary  to  sense  engine  speed  and  provide  a  usable 
stroke  or  rotational  output,  powered  or  otherwise,  which  will  be  in¬ 
sensitive  to  the  g  loading.  The  output  will  be  used  to  position  a  3D 
cam  upon  which  contours  will  be  provided  for  scheduling  the  accel¬ 
eration  fuel  flow.  It  has  been  decided  that  no  matter  what  mode  of 
computing  is  used,  the  3D  cam  provides  the  best  means  for  sched¬ 
uling  a  single  output  as  a  function  of  two  other  variables.  Consider¬ 
able  equipment  would  be  required  to  replace  the  3D  cam  with  elec¬ 
tronics.  For  contouring  purposes  on  the  3D  cam,  it  would  be  de¬ 
sirable,  although  not  necessary,  that  the  output  be  linear  with  speed. 

An  overall  accuracy  of  +  0.  25  percent  of  full  scale  from 
sensed  signal  to  cam  position  has  been  assigned  to  this  component. 

For  acceleration  fuel  scheduling  alone,  the  accuracy  would  not  have 
to  be  this  stringent;  however,  it  is  anticipated  that  the  cam  position 
‘will  be  used  as  the  speed  signal  for  governing  purposes. 

Hydromechanical  and  electrical  methods  for  performing  the 
required  function  were  investigated.  The  latter,  using  a  stepping 
motor,  appears  the  most  desirable. 

5.  1.  2.  1  Hydromechanical 

Under  this  category  of  design,  flyweights  would  be  used  as  the 
sensing  element.  The  methods  of  amplifying  the  signal  are  several, 
but  the  most  important  aspect  of  this  type  of  design  is  the  interface 
between  the  signal  and  amplifier.  A  balancing  problem  concerning 
the  force  extracting  linkage  and  the  rotary  to  linear  position  mechan¬ 
ism  exists  (Reference  Figure  43).  The  tolerances  on  these  mechanisms 
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would  have  to  be  carefully  controlled  and,  in  addition,  the  parts  would 
require  precise  weighing  and  balancing  before  assembly.  For  in¬ 
stance,  on  a  flyweight  system  developing  a  force  output  of  20  pounds 
at  100-percent  speed,  an  unbalanced  force  of  only  +  0.  00017  pounds 
as  seen  at  the  flyweights  would  be  permitted  before  a  sensing  error 
of  +  0.  1  percent  is  evidenced,  thus  leaving  +  0.  15-percent  error  for 
the  amplifier.  This  is  indicated  by  the  following  equation: 

F  =  20  x  10-4  (N)2  lb 

where  N  is  in  percent  speed. 

Differentiating, 

dF 

—  =  40  x  10“4N  lb/percent  speed 

dN 

and  therefore  for  dN  =  0.  1 -percent  speed  change  about  N  equal  to 
100  percent 

dF  =  0.  04  lb 

Therefore,  at  235g 

0.  04 

Unbalanced  weight  (W)  =  -  =  0.00017  1b 

235 

Although  this  unbalanced  weight  seems  very  small,  it  is  conceivable 
that  the  system  could  be  properly  balanced  without  special  whirl  tests. 
Parts  could  be  weighed  and  balanced  at  bench  tests.  The  recommended 
arrangement  of  the  flyweights  is  depicted  by  Figure  43  with  the  g  load 
being  applied  through  the  center  of  rotation.  With  this  arrangement 
and  direction  of  g  load,  the  flyweights  themselves  are  insensitive  to 
the  g  field. 

The  gyroscopic  couple  developed  by  a  system  of  this  design 
has  been  calculated  using  the  formula  listed  herein  and  essentially 
no  effect  is  produced  on  the  system. 

T  =  I  u  Cl  ft-lb 


where 
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=  rotor  speed,  rad/sec. 

=  flyweight  speed,  rad/sec. 

=  polar  moment  of  inertia  of  flyweights,  slug-ft^ 

Bearing  forces  also  are  within  normal  levels. 

Several  opportunities  exist  with  the  use  of  a  hydraulic  servo 
system  for  providing  the  amplification  of  the  speed  signal.  The  same 
philosophy  as  presented  for  the  compressor  discharge  pressure  am¬ 
plifier  described  in  paragraph  5.  1.  1  would  apply.  It  would  also  be 
possible  to  use  a  nonlinear  hydraulic  servo  amplifier  to  compensate 
for  the  nonlinear  force  output  of  the  flyweights  such  that  a  nearly 
linear  relationship  between  the  output  and  speed  would  exist. 

5.  1.2.  2  Electronic  Engine  Speed  Computer 

The  engine  speed  may  be  sensed  and  amplified  electronically. 
The  system  may  be  divided  into  three  functional  activities:  input  sig¬ 
nal  generation,  signal  processing  and  computing,  ahd  output  actuation. 
A  block  diagram  of  the  basic  system,  Figure  32,  illustrates  the  rela¬ 
tionship  of  the  major  functions  to  each  other  and  to  the  input  and  output. 

This  system  must  accept  an  analog  input  (engine  rotational 
speed)  and  also  provide  an  analog  output  (3D  cam  shaft  position).  The 
system  may  therefore  be  designed  to  operate  as  a  purely  analog  sys¬ 
tem  utilizing  an  analog  computer,  with  a  torque  motor  providing  ac¬ 
tuation.  However,  an  analysis  of  electronic  computing  techniques 
(see  paragraph  5.  2.4)  indicates  that  analog  computing  is  more  severely 
limited  in  our  application  than  comparative  digital  techniques# and  it 
is  strongly  recommended  that  the  computing  function  be  performed 
digitally.  Though  utilizing  a  digital  computer,  the  system  input  and 
output  remain  analog  in  character.  This  condition  can  result  in  ser¬ 
ious  interface  problems  at  the  input  and  output  of  the  computer.  The 
computer  can  operate  only  on  digital  signals  (discrete  pulses)  at  its 
input  while  its  output  will  be  presented  in  a  digital  form.  Therefore 
a  digital  transducer  is  required  for  sensing  engine  speed  while  the 
computer  output  signal  must  be  translated  into  a  form  which  is  accep¬ 
table  to  the  actuator.  Fortunately,  a  number  of  proven  devices  exist 
which  can  transduce  rotary  motion  into  a  pulsed  or  a  sinusoidal  signal 
in  which  the  frequency  (pulse  repetition  rate)  is  proportional  to  engine 
speed.  The  problem  of  processing  an  actuating  device  with  acceptable 
torque  output  that  can  translate  digital  signals  into  shaft  position  is 
somewhat  more  troublesome  and  usually  requires  some  signal 
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processing  of  the  computer  output  before  it  can  be  used  in  control¬ 
ling  the  actuator.  A  discussion  of  the  hardware  requirement  and 
availability  is  given  below  for  the  speed  sensor  and  actuator.  The 
computer  is  discussed  in  detail  in  a  later  paragraph  (5.  2.  4). 

5.  1.  2.  2.  1  Engine  Speed  Sensors 

The  following  types  of  speed  transducers  are  applicable  in 
providing  the  computer  with  an  input  signal  in  which  the  frequency 
of  the  sinusoidal  signal  or  the  repetition  rate  of  the  pulse  train  is 
proportional  to  engine  speed: 

a.  Photo  Electric  Pickup 

This  is  a  device  intermediate  in  cost,  which  utilizes  a  photo 
electric  cell  and  a  beam  of  light.  The  beam  of  light  is  periodically 
interrupted  by  irregularities  in  the  rotating  member  (which  can  be  a 
gear).  As  a  result,  a  pulse  modulated  electrical  signal  is  generated 
in  which  the  pulse  repetition  rate  (frequency)  is  proportional  to  rota¬ 
tional  speed.  As  a  sensing  device  it  is  readily  subject  to  failure  under 
environments  which  expose  it  to  dirt,  vibration,  and  high  temperatures. 

b.  Vibration  Pickup 

This  is  an  intermediate  cost  electro-acoustical  device  which 
couples  acoustical  energy  through  a  resilient  member  into  an  induc¬ 
tive  pickup.  Because  of  its  nonselective  nature  it  is  prone  to  trans¬ 
mit  erroneous  information. 

c.  Switching  Pickup 

This  is  the  heart  of  a  low-cost,  very  accurate  system  based 
upon  the  enumeration  of  switch  closures  of  a  set  of  breaker  points 
driven  by  a  cam  on  the  rotating  member.  It  is,  however,  limited  to 
low- speed  operation  in  clean  environments. 

d.  Permanent  Magnet  Field  Generator 

This  is  an  electromagnetic  device  whose  output  is  a  sinusoidal 
signal  with  both  amplitude  and  frequency  proportional  to  the  speed  of 
its  rotating  member.  In  a  digital  application,  only  the  frequency  of 
the  signal  is  utilized  by  the  computer.  P.  M.  field  generators  are  ca¬ 
pable  of  relatively  high  level  output  signals  and  require  no  input  power; 
however,  they  are  fairly  high  in  cost  ($50-$100). 
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e.  Variable  Reluctance  Generators 


This  is  a  low-cost  (less  than  $20.  00)  inductive  pickup  whose 
output  is  a  pulse  train  with  a  pulse  repetition  rate  (frequency)  direct¬ 
ly  proportional  to  the  product  of  the  rotational  speed  and  number  of 
teeth  on  a  gear  passing  under  it.  As  a  speed  sensor  device  it  is  not 
only  comparatively  inexpensive,  but  is  also  capable  of  high  resolu¬ 
tion  and  high  signal-to-noise  ratio.  These  devices  have  a  history  of 
successful  application  in  high  resolution  speed  transducing. 

f.  Magnetic  Recording  Disk 

This  approach  to  digital  speed  transducing  utilizes  magnetic 
drum  recording  techniques  and  practices  now  current  in  the  computer 
field.  Its  operation  is  based  upon  the  elapse  in  time  between  the  re¬ 
cording  of  a  magnetic  pulse  and  its  readout.  This  period  is  of  course 
inversely  proportional  to  disk  rotational  speed  and,  when  compared 
with  a  fixed  and  known  clock  period,  provides  a  measure  of  that  speed. 
As  a  speed- measuring  technique,  its  accuracy  is  potentially  as  high 
as  (or  higher  than)  the  inductive  pick-off  and,  in  addition,  it  can  be 
easily  synchronized  with  the  time  reference  (clock)  when  this  is  neces¬ 
sary  or  desirable.  It  is  also  more  flexible  as  a  speed-measuring 
technique  since  it  is  not  preprogrammed  as  in  the  case  of  the  variable 
reluctance  generator. 

Its  disadvantages,  when  compared  to  a  variable  reluctance 
transducer,  are  greater  complexity  (since  recording  and  erasure  op¬ 
erations  are  required  in  addition  to  readout)  and  higher  sensitivity  to 
air  gap  fluctuations.  Magnetic  recording  heads  range  from  under 
$20.  00  for  commercial  magnetic  tape  recording  types  to  several  hun¬ 
dred  dollars  for  digital  computer  recording  heads.  Although  the  cost 
of  a  magnetic  recording  speed  device  can  be  expected  to  exceed  that 
of  the  variable  reluctance  generator,  its  capability  for  synchro¬ 
nization  with  the  reference  clock  can  allow  for  a  simpler  and  there¬ 
fore  less  costly  computer. 

The  writer  knows  of  no  previous  application  of  magnetic  re¬ 
cording  technique  in  speed  transduction. 

All  of  the  aforementioned  transducers  are  similar  in  function 
in  that  they  generate  a  pulsating  signal  whose  frequency  (or  period) 
is  proportional  to  rotary  speed.  A  common  criterion  can  therefore 
be  established  for  purposes  of  comparison  . 
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Our  requirements  are  that  a  transducer  be  provided  at  accep¬ 
table  cost,  with  a  resolution  error  not  exceeding  1/300  of  full  scale 
whose  speed  of  response  (information  rate)  is  not  greater  than  1  milli¬ 
second  and  whose  outside  diameter  is  in  the  order  of  1  inch.  This 
device  must  provide  the  above  performance  levels  in  the  range  of  8 
to  100  percent  of  full  engine  speed  and  under  the  stated  environmental 
conditions. 

Speed  can  be  measured  digitally  either  by  counting  the  number 
of  pulses  in  a  given  period  or  by  "clocking"  the  elapsed  time  between 
two  successive  pulses.  The  former  technique  is  more  commonly  used 
than  the  latter  in  transducer  types  1  through  5  whereas  in  the  magnetic 
disk  recorder,  the  latter  approach  is  more  directly  applicable. 

In  the  counting  technique,  to  obtain  a  resolution  error  (quantum) 
of  1/300  with  response  time  of  1  millisecond  would  require  300  irregu¬ 
larities  (example,  gear  teeth)  about  the  circumference  of  the  rotating 
member  if  its  maximum  speed  were  1,000  c.p.  s.  or3,000  irregularities 
if  the  speed  of  rotation  were  limited  to  100  c.  p.  s.  For  mechanical 
reasons,  the  latter  speed  limit  is  desirable.  However,  a  rotary 
member  with  3000  irregularities  on  the  perimeter  of  a  disk  with  an 
outside  diameter  no  greater  than  1  inch  would  be  quite  difficult  to  de¬ 
sign  within  the  required  tolerances.  The  need  for  a  large  number  of 
irregularities,  or  poles  in  the  case  of  the  p.  m.  generator,  is  obvia¬ 
ted  by  utilizing  the  technique  of  measuring  speed  by  clocking  the 
elapsed  period  between  successive  pulses.  In  this  case,  only  ten  ir¬ 
regularities  (or  poles)  are  needed  when  the  rotating  member  is  limited 
to  100  c.p.  s.  in  speed.  Each  of  the  six  devices  described  now  re¬ 
quires  two  pickups  for  measuring  the  time  required  by  the  rotating 
member  to  transverse  l/lO  of  its  perimeter  against  the  reference 
clock  oscillator.  In  order  to  provide  the  required  accuracy,  the  de¬ 
vice  must  be  constructed  with  close  tolerances  on  the  angular  separa¬ 
tion  between  irregularities.  Error  can  also  be  introduced  in  the  form 
of  pulse  jitter  due  to  noise  pickup  and  gear  train  irregularities.  Pulse 
jitter  can  be  minimized  by  designing  the  digital  transducer  to  provide 
sharp-edged  pulses  and  by  careful  control  of  gear  pitch.  Elapsed  time 
may  be  measured  by  either  counting  the  number  of  pulses  generated 
by  the  clock  oscillator  between  the  occurrence  of  the  two  recorded 
pulses  or  by  timing  the  interval  with  a  reference  multivibrator  which 
generates  a  signal  with  a  known  pulse  width  when  triggered  by  the  first 
pickup's  signal.  The  former  is  preferred  because  it  can  provide  a 
more  accurate  and  stable  measure  of  time  under  our  environment 
conditions . 
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Of  the  six  techniques  reviewed  above,  the  variable  reluctance 
generator  is  preferable.  Preliminary  design  and  feasibility  studies 
indicate  that  this  type  of  digital  speed  transducer,  if  properly  de¬ 
signed  and  constructed,  should  be  capable  of  providing  reliably  the 
high  resolution  and  speed  of  response  discussed  above  without  ex¬ 
ceeding  cost  and  size  limitations.  Although  the  photo  electric  and 
vibration  pickup  technique  also  appear  to  be  capable  of  high  resolu¬ 
tion  and  response  speed,  their  inherent  lack  of  reliability  in  the  fuel 
control  environment  makes  then  unacceptable  as  speed  transducers. 
Technique  number  three  was  rejected  because  the  low  operating  speeds 
of  switching  devices  limit  their  speed  of  response  excessively  for  our 
application.  In  addition,  the  space  requirements  of  this  type  of  device 
can  be  expected  to  be  considerably  larger  than  that  required  by  a  re¬ 
luctance  type  of  transducer  providing  the  same  function.  Some  im¬ 
provement  in  speed  of  response  can  be  realized  by  use  of  magneti¬ 
cally  operated  reed  contacts  for  switching;  however,  this  improve¬ 
ment  is  not  expected  to  make  the  switching  pick-off  competitive  with 
the  variable  reluctance  generator  approach. 

The  permanent  magnet  (p.  m.  )  field  generator  was  rejected 
principally  because  a  ten-pole  1 -inch-diameter  device  is  expected  to 
be  high  in  cost  when  compared  with  a  reluctance-type  generator.  A 
secondary  consideration  was  the  possibility  of  obtaining  sharp  pulses 
from  the  reluctance  generator  as  compared  with  the  sine- shaped  out¬ 
put  signal  of  the  p.  m.  generator. 

The  magnetic  disk  recording  technique  offers  some  definite 
advantages  in  speed  transducing  not  obtained  from  a  variable  reluctance 
device  *  The  chief  advantage  is  that  it  allows  for  convenient  synchro¬ 
nization  with  the  clock  oscillator,  thereby  reducing  computer  complex¬ 
ity.  Despite  these  advantages  it  was  rejected  primarily  because  its 
development  is  expected  to  involve  greater  risk  and  time  than  that  in¬ 
curred  in  developing  a  reluctance-type  transducer.  The  development 
of  a  magnetic-disk  recording  device  which  is  operational  in  our  en¬ 
vironment  and  provides  the  required  accuracy  will  encounter  most  of 
the  problems  involved  in  the  development  of  an  equivalent  functioning 
variable  reluctance  generator  in  addition  to  problems  of  recording  and 
erasing  which  are  not  encountered  in  the  latter  device.  Air-gap  vari¬ 
ation  induced  by  the  high  vibrational  level  of  the  environment  can  seri¬ 
ously  degrade  the  recording,  thereby  producing  serious  and  repeated 
errors  in  speed  measurement.  Air-gap  spacing  can  be  stabilized  by 
a  head  positioning  control  such  as  is  utilized  in  computer  magnetic 
storage  drums;  the  addition  of  this  control  to  the  system  will  of  course 
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result  in  greater  cost,  size,  and  complexity.  The  magnetic  record¬ 
ing  technique  also  provides  some  difficulties  in  packaging  and  size 
reduction  not  encountered  in  reluctance  devices.  This  results  from 
the  necessity  to  record  and  read-out  magnetic  pulses  in  the  same 
plane. 


In  conclusion,  it  is  recommended  that  a  variable  reluctance 
digital  speed  transducer  be  developed  along  the  lines  outlined  in  para¬ 
graph  4.2.  12  of  this  report.  Development  is  believed  necessary  be¬ 
cause  it  appears  unlikely  that  a  device  can  be  procured  commercially 
which  will  provide  the  required  performance  under  the  severe  environ¬ 
mental  conditions  and  space  limitations  encountered  in  the  fuel  control 
system. 

5.  1.2.  2.2  Output  Actuators 

There  are  a  number  of  devices  which  can  be  used  in  the  elec¬ 
tronic  speed  computer  to  provide  output  actuation  of  the  3D  cam  shaft. 
Those  described  below  are  representative  of  the  more  commonly  ap¬ 
plied  techniques.  A  comparison  of  their  merits  appears  to  favor  the 
step-motor  type  as  the  most  applicable  actuating  device  for  this  system. 

a.  Proportional  Solenoids  and  Torque  Motors 

These  two  devices  may  be  lumped  together  with  respect  to 
characteristics;  they  both  give  a  position  output  proportional  to  input 
signal.  They  range  in  price  from  $30  to  $300  depending  upon  the  se¬ 
verity  of  the  specifications  they  must  meet.  These  specifications  in¬ 
clude  output  power, efficiency ,  hysteresis,  speed  of  response,  dura¬ 
bility,  and  linearity.  Proportional  devices  require  a  digital  to  analog 
conversion  circuit  for  compatibility  with  a  digital  computer  output. 

b.  Stepping  Relay  and  Rotary  Solenoids 

These  are  low  torque  devices  which  provide  true  digital  actu¬ 
ation  since  they  can  respond  directly  to  a  pulsed  input  signal.  Func¬ 
tionally,  they  are  ring  counters  in  which  the  output,  and  angular  dis¬ 
placement  of  the  shaft,  is  the  sum  of  the  number  of  pulses  received  at 
the  input  of  the  device.  Stepping  relays  and  rotary  solenoids  are  slow 
in  operating  speed,  being  limited  perhaps  to  less  than  50  pulses  per 
second  and  their  life  is  severely  limited  in  this  type  of  application. 

They  are  low-cost  devices  ranging  from  $10  to  $20,depending  on  size. 
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c.  Step  Servomotor 


A  step  servomotor  is  a  device  that,  when  energized  by  d.  c. 
voltages  in  a  programmed  manner,  indexes  in  given  angular  incre¬ 
ments.  Its  angular  displacement  is  either  clockwise  or  counter¬ 
clockwise  and  is  determined  by  the  sequence  in  which  the  windings 
are  pulsed. 

Step  servomotors  have  a  number  of  advantages  over  linear 
devices.  They  offer* 

-  fast  response 

-  insensitivity  to  linear  vibration  and  shock 

-  long  life  (up  to  1  billion  cycles) 

-  insensitivity  to  voltage  and  pulue  amplitudes 

-  higher  stability 

These  devices  are  moderate  in  price;  they  can  be  purchased 
for  less  than  $100  per  unit. 

d.  Magnetic  Proportional  Clutches 

This  device  is  essentially  a  proportional  actuator  wb:.ch  op¬ 
erates  on  the  basis  of  coupling  two  rotating  shafts  through  friction 
thereby  transmitting  torque  from  the  input  shaft,  which  acts  as  a 
power  supply,  to  the  output  shaft  which  is  the  controlled  member. 

In  the  dry  powder  magnetic  clutch,  a  proportional  torque  between 
the  shafts  is  provided  by  the  magnetic  particles  when  the  magnetic 
field  is  applied  to  them.  The  cost  of  the  basic  clutch  mechanism  is 
less  than  $100  per  unit  and  is  generally  in  the  same  price  range  as 
step  servomotors. 

The  chief  requirements  of  an  actuator  in  our  application  are: 
fast  response,  stability,  repeatability,  low  cost,  and  the  ability  to 
operate  reliably  in  the  severe  temperature,  acceleration,  and  vibra¬ 
tion  environment  of  the  fuel  control.  Torque  and  power  output  and 
gain  are  less  important  because  the  loading  of  the  3D  cam  on  the  ac¬ 
tuator  output  shaft  is  expected  to  be  low  and  gain  can  be  provided  in 
the  electronic  circuitry  of  the  computer.  An  evaluation  of  the 
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several  types  of  actuators  discussed  above  supports  the  conclusion 
that  the  step  servomotor  type  of  actuator  is  best  suited  to  meet  our 
particular  needs  in  this  development. 

If  a  proportional  actuator  (torque  motor,  proportional  clutch, 
and  so  forth)  is  used,  a  digital-to-analog  signal  conversion  is  re¬ 
quired  between  the  computer  and  the  actuator.  This,  in  effect,  re¬ 
sults  in  a  proportionally  operating  control  system  even  though  com¬ 
puting  is  performed  digitally.  Because  the  actuator  must  provide  a 
torque  under  steady- state  conditions  to  the  3D  cam,  a  current  pro¬ 
portional  in  amplitude  to  the  required  torque  must  be  supplied  con¬ 
tinuously  by  the  converter  to  the  torque  motor  winding.  If  the  digital- 
to-analog  converter  functions  only  as  a  code  converter,  that  is,  con¬ 
verting  the  digital  control  signal  of  the  computer  to  a  corresponding 
current  amplitude  level,  then  a  steady- state  error  must  exist  be¬ 
tween  the  engine  speed  and  output  shaft  position  in  order  to  generate 
the  counter  balancing  torque  in  the  motor.  This  error  can  be  mini¬ 
mized  by  providing  high  forward  gain  in  the  system  but  at  the  cost  of 
reducing  stability  and  increasing  the  tendency  to  limit  cycle  (due  co 
the  nonlinearities  present  in  the  system).  A  high  gain  system  may 
also  aggravate  the  problem  of  random  noise  disturbances.  The 
steady- state  error  can  be  eliminated  entirely  by  providing  a  float¬ 
ing  control  (integrator)  as  well  as  code  conversion  in  the  digital  to 
analog  converter.  This  results,  however,  in  a  more  complex  and 
costlier  design  with  a  reduction  in  response  time.  Because  of  the 
floating  control,  the  system  is  more  prone  to  hunt,  thereby  magni¬ 
fying  the  problem  of  stability. 

The  problems  inherent  in  a  proportional  actuator  application 
are  minimized  or  eliminated  altogether  by  going  to  a  digital  device 
for  actuation.  Here,  as  in  the  proportional  actuators,  output  shaft 
angular  position  is  analog  in  character  but  the  digital-to-analog  con¬ 
version  is  produced  by  actuator  operation  rather  than  by  signal  pro¬ 
cessing  at  the  output  of  the  computer.  Steady-state  torque  is  sup¬ 
plied  by  fixed  currents  in  the  motor  windings  in  the  case  of  step 
servomotors,  and  by  mechanical  detent  in  stepping  solenoids.  Sig¬ 
nal  processing  (translator  circuit)  may  still  be  required  between  the 
actuator  and  computer  to  adapt  the  computer  output  signal  to  a  form 
which  is  compatible  with  the  requirements  of  the  actuator. 

Of  the  two  types  of  digital  actuators  which  were  reviewed 
above,  the  step  servomotor  type  is  preferable  even  though  the  step¬ 
ping  solenoid  type  is  significantly  lower  in  price.  The  relatively 
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lower  response  speed,  operating  life,  and  reliability  of  stepping 
solenoids  makes  them  less  attractive  than  step  servomotors  in  this 
application. 

A  commercially  available  step  servomotor  (lMC-model  No. 
015-802)  appears  to  meet  the  performance  and  environmental  require¬ 
ments  of  the  fuel  controller  and  it  is  recommended  on  this  basis.  A 
detailed  description  of  its  operation  in  the  proposed  system  is  found 
in  paragraph  4.  2.  12  of  this  report. 

5.  1.  3  Compressor  Inlet  Temperature  (CIT) 

It  is  required  to  sense  this  temperature  and  provide  an  output, 
powered  or  otherwise,  which  will  be  insensitive  to  g  loading.  The 
overall  accuracy  of  this  device  can  possibly  be  of  the  order  of  +  5°F 
depending  upon  the  manner  in  which  it  is  used. 

No  other  device  except  a  liquid-filled  bellows  has  been  con¬ 
sidered  for  the  sensing  element  as  the  output  of  this  device  in  itself 
is  effectively  insensitive  to  g  loading.  The  sensor  operates  to  pro¬ 
vide  a  stroke  output  with  a  relatively  high  force  level  as  a  function  of 
temperature.  The  available  spring  rate,  or  output  force  to  stroke, 
of  a  sensor  of  this  type  is  of  the  order  of  1500  lb/in.  For  low  force 
level  variations  of  the  order  of  +  4.  0  pounds,  the  sensor  alone  would 
be  adequate.  The  major  limiting  factor  of  this  design  would  be  the 
maximum  force  levels  required  with  respect  to  the  pressure  rating 
of  the  bellows.  The  necessity  of  amplifying  the  sensor  signals, 
therefore,  will  depend  upon  the  output  force  required  and  the  direc¬ 
tion  of  the  applied  g  loading.  The  g  load  could  be  applied  either  in  a 
lateral  or  axial  direction.  The  axial  direction  would  cause  an  effect 
on  the  maximum  usable  output  force  of  the  sensor. 

Amplification  of  the  sensor  output  will  most  effectively  be 
provided,  if  necessary,  by  a  position  follow-up  servo  system.  No 
calibrated  springs  are  necessary  in  this  type  system.  The  servo 
valve  could  be  of  the  spool  type  with  the  g  load  applied  through  the 
axis  of  the  valve.  This  type  valve,  although  one  of  the  more  expen¬ 
sive  type  valves  that  could  be  used,  would  conserve  the  flow  of  servo 
fuel  which  may  be  a  deciding  factor  during  the  initial  cranking  and 
starting  range  of  engine  operation.  The  linkages  involved  would  have 
only  to  be  balanced  to  the  extent  of  the  variation  of  load  that  the  sensor 
could  stand  for  the  accuracy  required.  Considering  the  linkages  which 
could  be  used  for  this  design,  the  balancing  will  be  no  problem  at  all 
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and  can  be  achieved  within  the  standard  limits  of  manufacturing  tol¬ 
erances.  A  three -way;  half-ball  servo  valve  could  also  be  used  with 
this  amplifier  design  if  there  is  sufficient  servo  flow  available  during 
the  starting  range  of  engine  operation. 

5.  2  Mode  of  Computing 

In  order  to  compute  the  control  signal  to  provide  either  the 
acceleration,  steady- state,  or  deceleration  fuel  flow  as  a  function  of 
the  engine  input  parameters,  a  multiplying  device  must  be  used.  With 
reference  to  the  block  diagram,  Figure  10,  it  is  indicated  that  the 
basic  control  equation  with  respect  to  the  control  parameters  will  be 
as  follows: 

Wf  =  Cj  K  Pcd,  p.p.h.  (1) 

where 

Cj  =  maximum  control  limit  constant,  p.  p.h/p.  s.i. 

Pcd  =  compressor  discharge  pressure,  p.  s.i.  a. 

K  =  multiplying  factor  and  is  a  function  of 

engine  speed,  CIT,  and  governor  set  speed 
error,  units  are  dimensionless. 

As  previously  established,  during  acceleration  the  multiplying 
factor  will  be  derived  in  accordance  with  a  position  taken  from  the  sur¬ 
face  of  the  3D  cam.  Various  methods  of  utilizing  this  position  to  pro¬ 
vide  a  multiplying  circuit  are  feasible.  All  of  the  methods  considered 
in  the  following  paragraphs  would  be  capable  of  operating  in  the  high- 
gravity  field. 

Engine  speed  governing  is  accomplished  by  overriding  the  po¬ 
sition  of  the  3D  cam  with  the  governor  mechanism  as  a  function  of  set 
speed  error  in  a  manner  such  as  to  reduce  the  multiplying  factor  (K) 
and  thus  the  flow  of  fuel  until  the  steady- state  speed  is  achieved.  That 
is,  the  lowest  multiplying  factor  will  always  be  selected. 

Deceleration  is  achieved  by  reducing  the  multiplying  factor  to 
a  minimum  value  as  a  function  of  overspeed  error  and  thereby  provid¬ 
ing  a  minimum  flow  of  fuel  to  the  engine. 
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5.  2.  1  Pneumatic 


The  method  of  multiplying  pneumatically  provides  for  the 
flow  of  compressor  discharge  pressure  through  two  bleeds  in  series, 
the  first  of  which  is  fixed  in  area,  the  second  variable  in  area.  The 
flow  then  exhausts  to  the  ambient.  The  position  taken  from  the  3D 
cam  provides  the  means  for  varying  the  area  of  the  second  bleed.  It 
is  possible  to  vary  this  area  with  low  force  levels  and  therefore  pre¬ 
clude  the  use  of  a  servo  amplifier  for  governing. 

It  can  be  shown  that  the  ratio  of  intermediate  pressure  be¬ 
tween  the  two  bleeds  to  compressor  discharge  pressure  is  a  func¬ 
tion  of  the  area  ratio  of  the  two  bleeds.  By  making  the  area  ratio  a 
function  of  engine  speed  and  CIT,  it  would  be  possible  to  schedule 
the  required  engine  acceleration  flows  to  the  engine.  The  following 
equations  would  be  combined  to  result  in  equation  1; 

wf  =  Ci  Px,  p.  p.h. 


where 

Px  =  the  intermediate  pressure  between  bleeds,  p.  s.  i.  a. 

also 


P 


x 


Pcd 


f  (N,  Tj)  =  K 


Therefore, 


Wf  =  Cj  K  Pcd,  p.p.h.  (1) 

One  problem  with  this  system  is  that  the  pressure  Px  can 
never  be  reduced  below  ambient  pressure  (PQ)  and  therefore  the 
minimum  value  of  K  will  be: 


Po 

K  (minimum)  =  - 

Pcd 

The  value  of  Ci  is  established  on  the  basis  of  the  maximum 
required  Wf/Pc<i.  The  minimum  permissible  value  of  Wf/Pc(j  will 
be  in  accordance  with  the  following  equation: 
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1 


Wf/pcd  =  C1 


cd 


There  are  cases  at  engine  speeds  of  50  percent  and  lower 
where  the  required  Wf/Pccj  ratio  is  less  than  that  allowable  and, 
therefore,  the  acceleration  schedule  would  be  too  rich  at  these  speeds. 
Other  methods  of  scheduling  the  acceleration  flow  below  50-percent 
engine  speed  could  be  used  at  a  compromise  in  engine  performance. 

At  engine  speeds  above  50  percent,  certain  performance  comprom¬ 
ises  must  be  made  to  the  nonlinear  characteristics  for  this  type  of 
multiplying  circuit  as  the  pressure  ratio  across  either  orifice  be¬ 
comes  less  than  1.  89  and  unchoked  flow  occurs. 


In  conclusion,  therefore,  it  may  be  stated  that  this  mode  of 
computing  offers  advantages  of  simplification,  but  at  the  expense  of 
engine  performance. 

5.  2.  2  Mechanical 


Various  linear  and  nonlinear  mechanical  multipliers  were  in¬ 
vestigated.  A  linear -type  multiplier  was  finally  selected  as  it  was 
not  possible  to  achieve  the  required  results  over  the  wide  range  of 
variables  with  a  nonlinear  multiplier.  The  resulting  configuration 
is  shown  in  Figure  26.and  since  this  method  of  multiplying  was  se¬ 
lected  for  incorporation  in  the  final  control  design,  its  description 
and  operation  was  discussed  in  paragraph  4.  2.  10. 

By  using  servoed  input  signals  of  Pctj  the  mechanical  multi¬ 
plier  will  be  insensitive  to  the  g  field.  Two  additional  servos,  one 
for  Tj  and  one  for  governing,  are  required  with  this  system  as 
compared  with  the  servos  which  would  have  been  required  in  the 
pneumatic  method  of  multiplying.  However,  these  additional  servos 
are  not  susceptible  to  the  g  field  to  the  extent  that  the  control  accu¬ 
racy  would  be  affected.  The  orientation  of  the  servos  is  not  all-im¬ 
portant  although  there  is  a  preferred  orientation  as  discussed  in 
paragraphs  4.2.  11  and  4.2.  13. 

The  principle  of  operation  associated  with  this  method  is  en¬ 
tirely  within  the  state  of  the  art, and  therefore  the  development 
effort  should  be  kept  to  a  minimum  consistent  with  the  design. 
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5.  2.  3  Hydraulic 


The  multiplication  and  governing  functions  may  be  performed 
hydraulically  at  low  force  levels  in  a  similar  manner  as  accomplished 
in  the  pneumatic  method  described  in  paragraph  5.  2.  1.  In  this  case 
the  multiplication  will  be  truly  linear  and  will  not  be  affected  by  the 
pressure  ratio  across  the  bleeds  in  series.  It  will  be  possible  to 
achieve  all  the  acceleration  schedules  required  at  the  specified  engine 
speeds.  The  theoretical  minimum  value  of  the  multiplying  factor  (K) 
is  zero.  The  system  converts  the  compressor  discharge  pressure  to 
a  hydraulic  equivalent  above  the  control  boost  pressure  (Pb)-  All 
other  computing  components  are  referenced  to  the  control  boost  pres¬ 
sure  so  that  the  boost  pressure  effect  is  eliminated.  The  equations 
representing  the  operation  of  this  system  would  be  as  follows: 

Wf  =  Cj  (PR3'  -  PB),  p.p.h. 

where 

Pp3'  =  the  intermediate  pressure  between  bleeds,  p.  s.  i. 

PR 3  -  PB  =  Pcd*  P-  s*  L  a- 

where 

PR3  =  regulated  pressure  supplied  upstream  of  the 
first  orifice 

PR3'  -  PB 

-  =  f  (NjTO  =  K 

PR3  -  PB 

Therefore,  combining  equations, 

Wf  =  CjKPcd 

In  converting  the  compressor  discharge  pressure  to  an  equiva¬ 
lent  hydraulic  pressure,  a  throttling-type  pressure  regulator  utilizing 
an  evacuated  bellows  a  pressure-force-balancing  diaphragm,  and  a 
calibrated  spring  will  be  necessary.  The  spring,  throttling  valve  dia¬ 
phragm,  and  bellows  would  require  orientation  to  permit  g  loading  in 
a  lateral  direction  to  these  components.  The  orientation  of  these  com¬ 
ponents  is  based  on  the  design  philosophy  as  presented  in  paragraph 
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5.  1.  1.  1  for  the  hydromechanical  compressor  discharge  pressure 
servo  amplifier. 

Fuel  flow  in  the  order  of  300  p.  p.h.  at  the  100-percent  speed 
condition  would  be  required  for  the  computing  circuit,  with  a  lesser 
flow  required  at  engine  starting  conditions. 

A  disadvantage  of  this  system  is  that  any  error  in  the  pres¬ 
sure  transducer  will  add  directly  to  the  error  of  the  system.  This 
computing  system,  therefore,  will  contain  four  components  which 
must  be  insensitive  to  the  high  g  field,  whereas  the  other  systems 
contain  only  three. 

5.  2.  4  Hydropneumatic 

A  possible  simplification  of  the  hydromechanical  method  of 
paragraph  5.  2.  2  could  be  achieved  by  performing  the  governing  func¬ 
tion  pneumatically  as  described  in  paragraph  5.  2.  1.  The  multiplying 
function  to  generate  the  acceleration  schedules  would  still  be  done 
mechanically.  Some  sacrifice  regarding  the  achievement  of  mini¬ 
mum  flow  upon  deceleration  would  be  experienced  under  certain  con¬ 
ditions.  However,  the  engine  fuel  flow  would  always  be  low  enough 
to  permit  deceleration.  The  sacrifice  in  minimum  flow  with  this 
system  would  be  inherently  less  than  with  the  all-pneumatic  system, 
the  reason  for  this  being  that  the  minimum  ratio  of  Wf/Pcd  would  be 
as  follows: 

W£/Pcd  =  KC,  Po/Pcd 

where 

K  =  the  multiplying  factor  produced  by  the 

the  mechanical  multiplier 

The  value  of  K  would  generally  be  less  than  one.  The  entire 
equation  for  control  fuel  flow  would  be  as  follows: 

Wf  =  Cj  K  Kj  Pcd 

where 

Kj  =  pneumatic  multiplying  factor  and  is  a 

function  only  of  set  speed  error. 
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This  method  would  eliminate  the  necessity  of  the  servo  sys¬ 
tem  for  governing  in  the  all-mechanical  method,  since  the  governor 
valve  would  be  positioned  by  the  3D  cam.  It  is  assumed  that  adequate 
friction  could  be  built  into  the  throttle  shaft  to  provide  the  opposing 
force  in  the  linkage  system  for  operating  the  pneumatic  valve.  The 
only  forces  required  would  be  that  to  overcome  a  spring  preload 
which  would  be  necessary  to  overcome  the  g  .oading  effect  on  the  un¬ 
balanced  levers  for  operating  the  pneumatic  valve. 

Adequate  filtration  must  be  provided  to  protect  against  con¬ 
tamination  in  the  compressor  discharge  air  computing  bleed  circuit. 

5.  2.  5  Electronic  Computing 

Multiplication  and  governing  functions  may  be  performed  elec¬ 
trically  either  by  analog  or  digital  techniques.  Analog  computation  is 
based  on  measuring  the  signal  level  (such  as  voltage)  of  an  electronic 
device  whose  input-output  function  is  analogous  to  a  mathematical  op¬ 
eration.  Digital  technique  approaches  electronic  computing  from  the 
altogether  different  direction  of  counting  discrete  quantities  (quantums) 
which,  in  the  electronic  computer,  are  usually  voltage  pulses.  Util¬ 
izing  this  basic  operation  of  counting,  the  digital  computer  is  theo¬ 
retically  capable  of  performing  all  other  mathematical  operations 
such  as  multiplying,  integrating,  and  so  forth. 

The  basic  computing  device  in  the  modern  high-speed  elec¬ 
tronic  analog  is  the  d.c.  operational  amplifier.  This  device  can  pro¬ 
vide  all  linear  single  variable  mathematical  operations  by  means  of 
feedback  circuits  and  summing  networks  to  its  input.  It  is  designed 
to  provide  high  gain,  input  impedance,  and  linearity  in  order  to  mini¬ 
mize  the  computing  errors  introduced  by  circuit  loading  effects,  and 
nonlinearities. 

The  binary  switching  or  "nor"  circuit  is  the  basic  computing 
element  in  digital  technique,  Figure  34.  It  possesses  only  two  states 
of  operation.  In  its  one  state  (transistor  cutoff),  it  supplies  full  volt¬ 
age  signal  level,  whereas  in  its  "zero"  state  (transistor  saturated), 
its  voltage  level  is  near  zero.  The  "nor"  circuit  and  the  several 
other  basic  digital  circuits  (flip-flop,  multivibrator,  and  so  forth) 
form  the  building  blocks  out  of  which  all  the  required  arithmetic  and 
logic  operations  are  formed.  The  digital  computer  consists  of  com¬ 
plex  networks  of  "nor"  and  other  basic  circuit  elements. 
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A  comparison  of  these  two  basic  approaches  to  computation 
shows  that  the  accuracy  of  analog  techniques  in  "on"  line  computers 
is  limited,  in  most  cases,  to  errors  exceeding  +  1  percent  of  full 
scale.  A  resolution  better  than  this  would  require  exceptionally  high 
component  accuracies,  environmental  controls,  high  power  supply 
regulation,  and  thermal  compensation.  Under  the  environmental  con¬ 
ditions  of  the  engine  fuel  control  even  +  5  percent  accuracy  could  be 
difficult  to  achieve  with  this  technique.  The  primary  sources  of  error 
in  the  analog  computer  are  the  presence  of  noise,  drift,  and  nonline¬ 
arity  in  its  fundamental  computing  device,  the  d.  c.  operational  am¬ 
plifier.  Noise  is  introduced  into  the  output  signal  level  from  exter¬ 
nal  sources  and  internally  from  thermal  activity  in  the  amplifier  cir¬ 
cuit  elements.  The  source  of  drift  is  largely  power  supply  and 
thermal  variations  which  unbalance  the  circuit,  thereby  producing 
null  signal  output.  Nonlinearity  is  primarily  a  result  of  saturation 
and  cutoff  in  the  transistor  when  the  signal  level  excursion  gets  too 
large.  All  of  these  produce  error  because  they  can  add  or  subtract 
from  the  instantaneous  signal  amplitude  whose  measurement  yields 
the  information  being  processed. 

The  digital  technique  avoids  or  minimizes  the  effect  of  these 
sources  because  the  information  it  is  processing  resides  not  in  the 
amplitude  of  its  signal  but  in  the  operating  state  of  its  fundamental 
computing  device,  the  "nor"  circuit.  Variations  in  signal  amplitude 
produced  by  noise,  drift,  and  nonlinearity  will  not  produce  an  error 
in  its  computations  as  long  as  it  does  not  prevent  the  "nor"  circuit 
from  switching  when  a  command  signal  is  present  at  its  input  or 
produces  inadvertent  switching. 

The  error  produced  by  a  digital  computer  is  the  magnitude  of 
the  quantum  or  discrete  quantity  which  can  be  provided  by  the  de¬ 
signer  to  meet  the  accuracy  requirements  of  the  computation.  The 
size  of  the  quantum  can  be  reduced  by  increasing  the  number  of 
switching  elements  in  the  counter.  The  quantum  error  in  a  binary 
register  is  divided  in  half  by  each  additional  flip-flop.  The  number 
of  elements  therefore  increases  with  increased  accuracy;  the  time 
required  to  "switch"  each  element  remains  the  same,  however,  and 
therefore  greater  accuracy  will  require  a  longer  computation  time. 
Higher  accuracy,  therefore,  requires  faster  switching  circuits  if  the 
computation  period  is  limited  to  a  maximum  allowable  time.  Without 
considering  cost  and  size,  switching  speed  limits  digital  computer 
accuracy.  Additional  circuitry  is  required  by  a  practical  digital  com¬ 
puter  besides  the  basic  binary  counter.  These  are:  logic  circuitry 
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for  determining  on  the  basis  of  the  sum  registered  in  the  counter  the 
command  required  of  the  actuator,  a  clock  oscillator  for  providing  a 
time  reference  (since  engine  speed  is  proportional  to  pulse  repeti¬ 
tion  rate)  and  for  synchronization,  and  translating  circuitry  for  con¬ 
verting  the  command  signal  into  a  form  which  is  compatible  with  ac¬ 
tuator  operating  requirements.  In  general,  a  computer's  size  and 
complexity  increases  with  the  number  and  complexity  of  the  arithmetic 
and  logical  operations  it  is  req  xired  to  perform  aid  with  the  accuracy 
requirement  . 

Since  the  error  toleration  of  the  speed  computer  servo  is  in 
the  order  of  +  0.  1  percent  of  full-scale  signal  under  an  extreme  op¬ 
erating  environment,  analog  techniques  are  not  recommended  for  ap¬ 
plication  in  the  proposed  fuel  control  system. 

Digital  computing  techniques,  though  requiring  more  com¬ 
plex  circuitry,  can  provide  the  accuracy  required  of  the  speed  com¬ 
puter  servo  well  within  their  inherent  limitations. 

A  fully  electronic  fuel  control  would  compute  the  fuel  sched¬ 
ule  equations  to  the  required  accuracy  and  within  the  allowed  time. 

Its  inputs  are  signals  from  the  Pccj  engine  speed  and  temperature 
transducers  of  the  system.  Its  output  is  a  command  signal  to  the  fuel 
metering  valve  which  sets  fuel  flow  rate. 

Figure  10  is  a  signal  flow  block  diagram  describing  the  spe¬ 
cific  functional  operations  required  of  the  computer  and  their  inter¬ 
relationships.  The  equation  that  is  being  computed  is  shown  graphi¬ 
cally  in  Figure  10. 

Figure  44  is  a  system  block  diagram  of  an  electronic  fuel  con¬ 
troller  synthesized  to  perform  the  requirement  of  the  signal  flow 
block  diagram  depicted  in  Figure  10.  For  acceleration  scheduling, 
the  value  of  Wf/Pcd  is  read  off  the  3D  cam  by  a  technique  utilizing  a 
read-write  magnetic  memory  disk  in  a  digital  control  circuit.  The 
surface  height  of  the  3D  cam,  which  represents  Wf/Pc<j,  proportion¬ 
ally  positions  the  readout  head  relative  to  the  write  head  of  a  mag¬ 
netic  memory  disk  about  the  disk  perimeter.  The  operation  of  the 
magnetic  memory  disk  is  based  on  the  operating  principles  of  a  mag¬ 
netic  recording  disk  speed  sensor  described  in  paragraph  5.  1.2.  2. 
However,  here  only  the  feedback  measurement  is  required.  It  is 
assumed  that  the  3D  cam  is  positioned  electronically  by  a  digital  com¬ 
puting  model  also  described  in  paragraph  5.  1.2.  2.  The  readout  pulse 
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is  fed  back  to  the  recording  head  to  produce  transport  delay  oscilla¬ 
tions  whose  period  is  directly  proportional  to  read  head  angular  po¬ 
sition  and  inversely  proportional  to  engine  speed.  These  pulses  are 
supplied  to  a  single  flip-flop  whose  output  is  a  square  wave  with  a 
period  equal  to  twice  that  of  the  memory  disk  oscillations.  The 
square  wave  half  period  is  therefore  directly  proportional  to  the 
computed  acce'eration  schedule. 

The  governor  proportional  cut-in  schedule  is  generated  in  the 
form  of  a  square  wave  whose  pulse  width  is  directly  proportional  to 
the  difference  between  the  engine  speed  (N)  and  the  reference  speed 
(N*)  and  inversely  proportional  to  engine  speed.  The  output  signals 
from  both  the  acceleration  and  governor  schedule  computers  are  sup¬ 
plied  to  the  input  of  a  comparator  circuit  where  the  signal  with  the 
shortest  pulse  width  is  gated  to  the  input  of  the  multiplier.  The  mul¬ 
tiplier  consists  of  a  gate  which  receives  both  the  gated  schedule 
square  wave  and  a  signal  which  has  been  frequency  modulated  by  the 
compressor  discharge  pressure.  The  F.M.  Pcd  signal  is  transmitted 
to  a  binary  register  during  the  period  that  the  schedule  signal  is  "on," 
producing  a  count  of  the  number  of  pulses  of  the  Pcd  signal  occurring 
during  the  schedule  "on"  period.  This  pulse  count  is  taken  for  a 
fixed  period  of  time  as  determined  by  the  clock  oscillator  signal  (c .  p.). 
The  total  count  registered  during  this  period  is  of  course  the  com¬ 
puted  fuel  rate  in  binary  form.  The  sum  registered  in  the  binary 
counter  is  transmitted  to  the  translator  through  the  output  gate  which 
is  "on"  when  the  synchronous  signal  is  generated.  The  translator  is 
provided  to  convert  the  information  to  a  form  compatible  with  the  fuel 
meter  actuator  input  requirements.  It  should  be  noted  that  engine  speed 
synchronizes  all  the  computer  operations  iri  this  system.  Acceleration 
and  governor  schedules  are  functions  of  engine  speed  and  therefore 
are  inherently  synchronized  with  this  parameter.  While  in  the  multi¬ 
plier  the  binary  counter  is  "cleared"  at  the  end  of  the  counting  period 
in  some  appropriate  phase  of  the  engine  speed  cycle. 

The  primary  problem  in  designing  a  computer  such  as  described 
is  providing  a  Pcd  F.  M.  signal  with  the  required  accuracy  (less  than 
1  percent  of  full  scale,  see  paragraph  5.  1.  1.2).  Also,  a  substantial 
program  could  be  involved  in  the  development  of  a  magnetic  memory 
drum  as  previously  discussed  in  paragraph  5.  1.  2.  2 

5.  3  Metering  System 

The  information  provided  in  the  computing  circuit  has  all  been 
directed  toward  the  delivering  of  an  output  to  which  fuel  flow  can  be 
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metered  in  a  proportional  manner.  Conventionally,  this  is  accomp¬ 
lished  by  maintaining  a  constant  pressure  drop  across  a  metering 
valve  whose  area  is  proportionally  positioned  in  accordance  with  the 
computer  output  signal. 

The  positioning  of  the  metering  valve  will  be  integrated  with 
the  mechanisms  selected  for  engine  signal  amplification  and  com¬ 
puting  to  the  extent  that  no  additional  mechanisms  will  be  necessary 
which  are  required  to  be  insensitive  to  the  g  field.  The  metering 
valve  could  be  of  the  sleeve  type  with  the  applied  g  load  in  any  di¬ 
rection. 


The  metering  head  regulator  design  must  be  patterned  after 
the  design  approach  as  presented  in  paragraph  5.  1.  1.  1  insofar  as  the 
orientation  of  components  is  concerned,  that  is,  the  g  load  must  be 
lateral  to  the  axis  of  the  components.  The  regulator  could  be  of  the 
flow  bypassing  or  throttling  type,  both  of  which  would  utilize  a  dif¬ 
ferential  sensing  diaphragm,  a  spring,  and  a  valve.  The  valve  would 
be  supported  on  a  ball  bushing  to  essentially  eliminate  the  effect  of 
the  laterally  directed  g  load  insofar  as  friction  is  concerned. 

5.  4  Pumping  System 

Since  fuel  will  be  provided  to  the  engine  fuel  control  from  the 
aircraft  through  the  whirling  rotor  blade,  the  first  thought  that  comes 
to  mind  is  to  let  the  rotor  blade  do  the  pumping.  However,  th°re  are 
operating  conditions  wherein  the  rotor  blades  will  not  be  whirling  and, 
therefore  no  pumping  action  is  exhibited.  This  suggests  that  a  pump 
of  one  form  or  another  is  required.  The  question  is:  should  the  pump 
be  engine-mounted  and  therefore  operate  in  the  g  field,  or  should  the 
pump  be  airframe -mounted  ? 

An  airframe-mounted  pump  would  be  required  to  provide  suf¬ 
ficient  pressure  and  flow  to  satisfy  all  the  engine  operating  conditions 
when  the  rotor  is  not  whirling  and,  in  addition,  provide  adequate  flow 
capacity  at  reduced  pressures  when  the  rotor  is  whirling.  Also,  a 
system  of  this  type  would  require  a  throttling  regulator  at  the  control 
inlet  or  outlet  to  reduce  the  fuel  pressure  for  admittance  to  the  engine. 
At  267g  and  a  65-foot  radius  rotor  the  fuel  pressure  will  be  approxi¬ 
mately  2820  p.  s.  i. 

Pr 

P  =  —  g,  p.  s.  i. 

2 
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where 


fuel  density,  lb/in.^ 
rotor  radius,  in. 
number  of  times  gravity 

With  no  pump  at  the  engine  to  provide  a  sump  for  return  of 
servo  flow,  any  servos  which  are  operated  on  fuel  must  use  only  me¬ 
tered  flow.  This  servo  flow  must  be  obtained  by  a  parallel  path 
around  the  throttle  regulator.  This  would  place  severe  operating  re¬ 
quirements  on  the  throttle  regulator  which  already  has  a  difficult  job 
to  perform.  In  addition,  this  would  critically  restrict  the  dynamic 
performance  and  number  of  servo  valves  which  could  be  used  if  op¬ 
erated  on  engine  fuel.  At  times  engine  flow  is  very  low,  less  than 
that  required  to  operate  one  servo  system  having  a  response  of  the 
order  of  10  milliseconds. 

Since  throttling  of  the  high-pressure  fuel  is  necessary  anyway, 
an  engine -mounted  pump  located  downstream  of  the  throttling  regu¬ 
lator  could  be  supplied  with  normally  encountered  boost  pressures  of 
the  order  of  50  p.  s.  i.  g.  With  this  arrangement  the  pump  would  be  op¬ 
erated  in  a  normal  manner,  and  a  low-pressure  sump  at  the  pump  inlet 
would  be  provided  for  bypassing  adequate  quantities  of  servo  fuel. 

Also,  this  system  would  permit  the  operation  of  the  fuel  pump  and  con¬ 
trol  at  normal  control  pressure  levels,  thereby  permitting  the  use  of 
standard  lightweight  aluminum  castings.  Steel  housings  would  be  re¬ 
quired  only  for  the  high-pressure  throttling  regulator  if  adequate  safety 
features  were  provided  to  ensure  fuel  shutoff  in  the  event  of  a  throttle 
regulator  failure. 

The  operation  of  an  engine -mounted  fuel  pump  in  the  g  field 
appears  feasible,  especially  for  the  CAE  model  357-  1  engine*  The 
pump  discharge  pressure  level  for  the  engine  configuration  being  used 
is  relatively  low  compared  with  other  configuration  engines,  and  there¬ 
fore  additional  bearing  loads  can  be  tolerated  without  having  to  over¬ 
size  the  pump  bearings. 

It  is  preferred  to  orient  the  pump  so  that  the  axis  of  the  gears 
is  perpendicular  to  the  direction  of  g  loading.  Although  an  orientation 
in  which  the  gear  axis  is  parallel  with  the  rotor  axis  would  eliminate 
gyroscopic  coupling  effects  on  the  bearings,  this  couple  is  so  low  that 
it  is  of  no  consequence  in  considering  the  orientation.  In  the  applica¬ 
tion  being  considered  the  level  of  pump  pressure  rise  is  so  low  that  if 
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it  were  directed  on  the  gears  so  as  to  oppose  the  g  load  force,  the 
gears  would  at  some  time  during  the  operation  change  the  direction 
of  bearing  loading  in  the  housing.  This  load  direction  change  would 
be  detrimental  to  the  pump  operation  in  more  ways  than  one.  It  is 
therefore  necessary  to  orient  the  pump  inlet  on  the  outboard  side, 
and  the  discharge  port  on  the  inboard  side  of  the  pump.  With  this 
orientation,  the  bearing  load  due  to  the  g  field  adds  to  that  produced 
by  the  pressure  load. 

In  conventional  installations  an  engine -mounted  boost  pump 
of  the  impeller-type  design  is  used  to  provide  added  pressures  for 
charging  the  gear  pump  for  operation  at  high  altitudes.  Also,  the 
gear  pump  is  required  to  operate  in  the  event  of  a  tank- mourned 
boost  pump  failure;  the  impeller  pump  permits  this  due  to  its  favor¬ 
able  lift  characteristics.  With  the  proposed  aircraft  configuration, 
it  is  considered  that,  in  the  eve  it  of  a  boost  pump  failure,  an  im¬ 
peller  pump  mounted  at  the  engine  would  not  be  capable  of  lifting  the 
fuel  from  the  tanks  and  through  the  rotor  hub  up  into  the  rotor  to  con 
tinue  the  supply  of  fuel  to  the  gear  pump.  Also,  it  is  possible  under 
all  other  conditions  to  have  adequate  fuel  pressure  at  the  pump  inlet. 
There  appears  to  be  no  useful  purpose  to  an  engine -mounted  im¬ 
peller  boost  pump. 

Unless  an  all-electronic  control  is  used  so  that  no  fuel  is  re¬ 
quired  for  the  operation  of  servo  valves,  it  is  recommended  that  an 
engine-mounted  pump  be  used.  In  any  case,  an  engine -mounted, 
impeller-type  boost  pump  is  considered  to  be  unnecessary. 


6.  DYNAMIC  STUDIES 


Engine  Dynamics 


From  References  1  and  2,  and  assuming  a  20-percent  reduc¬ 
tion  in  the  engine  time  constant  per  CAE,  the  estimated  engine  trans 
fer  function  from  fuel  flow  to  speed  at  100-percent  speed,  sea  level, 
standard  day,  is  given  by: 


AN 

AWf 


3.  6e’°-  18# 


0. 24s  ¥  1 


(1) 
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Figure  45  shows  a  frequency  response  plot  of  the  engine  trans¬ 
fer  function.  The  allowable  control  gain  as  a  function  of  phase  margin 
is  tabulated  below: 

Phase  Margin 
degrees 

15 
25 
35 

45 

Control  Dynamics 

Dynamic  performance  of  the  proposed  fuel  control  is  described 
in  terms  of  linearized  transfer  functions  for  acceleration  and  gover¬ 
nor  operation.  The  analysis  is  based  on  differential  equations  that  ex¬ 
press:  (1)  conservation  of  mass,  and  (2)  transient  force  balance  be¬ 
tween  applied  pressure  forces  and  spring  loads.  A  more  rigorous  an¬ 
alysis  would  require  the  determination  of  the  effects  of  inertia  loads, 
including  fluid  inertia,  and  damping  loads  due  to  viscous  and  sliding 
friction. 

Response  During  Acceleration 

With  reference  to  the  fuel  control  schematic,  the  components 
contributing  to  the  transient  response  during  acceleration  include  the 
CDP  amplifier  and  electronic  stepping  motor.  The  estimated  response 
of  both  components  is  equivalent  to  a  first-order  lag  whose  time  con¬ 
stant  is  0.  007  second.  The  transfer  function  from  Pc(j  to  Wf  is 

AWt  Wf/Pcd 

APcd  0.  007s  +  1 

and  the  transfer  function  from  N  to  Wf  is 

AWf  0.  280 

AN  0.  007s  ♦  1 

Response  During  Governor  Operation 

The  components  contributing  to  the  response  of  the  fuel  control 
during  governor  operation  include  the  electronic  stepping  motor  and  the 


Control  Gain 
p.  p.  h/ r .  p.  m. 

0.  85 
0.  66 
0.  60 
0.  56 
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speed  governor  amplifier.  The  estimated  response  of  the  speed  gov¬ 
ernor  is  also  0.  007  second.  The  transfer  function  of  the  fuel  control 
during  governor  operation  is  therefore 

AWf  0.675 

AN  (0.  007*  +  1)  (0.  007s  +  1) 

The  control  gain  (0.  67  5  p.  p.  h.  /r.  p.  m.  )  was  required  to  meet 
the  governor  speed  accuracy  specified.  Comparing  this  gain  with  the 
phase  margin-control  gain  table  on  page  73  indicates  a  phase  margin 
of  approximately  15°.  However,  further  studies  are  required  to  es¬ 
tablish  the  required  control  mode,  governor  gain,  and  closed-loop  re¬ 
sponse  required  for  stable  flight  control.  Cyclic  variations  in  com¬ 
pressor  inlet  temperature  and  pressure  which  result  during  forward 
flight  might  introduce  speed  and  thrust  variations  which  are  consid¬ 
ered  excessive.  A  linearized  analysis  was  conducted  to  determine  the 
effects  of  these  cyclic  variations;  however,  the  errors  introduced  as 
a  result  of  linearizing  were  too  large  and  therefore  the  results  were 
inconclusive.  It  is  apparent  from  engine  performance  data  shown  on 
Figure  1  of  Amendment  1,  Reference  3,  that  the  net  thrust  variations 
of  a  constant  speed  control  will  be  approximately  20  pounds  or  1. 7  per¬ 
cent  of  normal  power  rating.  However,  if  the  thrust  variations  which 
result  with  a  conventional  control  system  are  found  to  be  excessive, 
modifications  to  the  proposed  control  to  provide  constant  speed  con¬ 
trol  could  result  in  hardware  equivalent  to  the  present  computer  sec¬ 
tion  of  the  proposed  control. 

The  problems  associated  with  a  constant  speed  control  are 
manifest  in  the  engine  transportation  and  inertia  lags.  The  speed 
control  system  of  the  fuel  control  is  quick  enough  to  modulate  fuel 
flow  almost  at  the  instant  a  speed  error  is  sensed.  However,  at  the 
cyclic  frequencies  associated  with  the  helicopter  rotor  speed  the  fuel 
flow  delivered  by  the  control  is  not  seen  at  the  engine  for  a  time  equiv¬ 
alent  to  the  rotor  moving  approximately  100°.  This  phase  lag  is 
caused  by  the  engine  transportation  lag.  Coupling  this  lag  with  the 
inertia  lag  of  the  engine  rotor  results  in  a  phase  lag  between  a  change 
in  fuel  flow  from  the  control  to  a  change  in  engine  speed  which  ap¬ 
proaches  180°.  It  is  therefore  apparent  that  a  constant  speed  control 
system  will  have  to  incorporate  lead  and  adaptive  networks.  A  more 
rigorous  study  is  therefore  warranted.  This  study  would  include 
nonlinear  electronic  simulation  of  the  complete  power  control  system 
and  would  serve  to  define  the  various  ramifications  of  a  stable  flight 
control  system.  *  (65-ft.  radius,  10.8rad/sec.  rotational  speed. ) 
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7. 


PACKAGING 


Figures  13  and  46  are  layout  drawings  for  a  typical  fuel  pump 
and  fuel  control  system  designed  in  accordance  with  the  details  as 
presented  early  in  this  report.  For  these  typical  layout  drawings  no 
effort  was  made  to  integrate  the  pump  and  control  package.  There¬ 
fore,  two  packages  are  presently  defined.  Upon  consideration  of  a 
definitive  envelope  requirement, the  integration  of  the  two  would  be  a 
desirable  goal. 

The  upstream  shutoff  valve,  throttle  regulator,  and  safety 
shutoff  valve  permit  segregation  of  the  control  housing  with  regard  to 
proof  pressure  levels.  These  components  protect  the  pump  and  fuel 
control  from  exposure  to  the  high  fuel  pressure  levels  developed  by 
the  whirling  rotor.  As  depicted  in  Figure  46,  one  housing  contains 
both  the  high-  and  low-pressure  components.  This  is  desirable  be¬ 
cause  of  the  interconnecting  throttle  shaft.  The  entire  housing  will  be 
cast  of  aluminum  with  the  high-pressure  section  design  upgraded  to 
withstand  the  increased  pressure  levels.  The  low-pressure  level  sec¬ 
tion  will  be  designed  for  the  normal  operating  pressure  levels.  Upon 
redesign  of  the  control  to  a  specific  layout  requirement,  a  study  will 
be  necessary  to  determine  the  weight  tradeoff  between  using  alumi¬ 
num  or  steel  for  the  high-pressure  section  of  the  control. 

An  estimated  dry  weight  of  the  design  as  illustrated  by  Figure 
46  is  19  pounds;  the  net  weight  is  estimated  at  20.  5  pounds.  It  is 
considered  that  every  effort  will  be  made  in  detailing  the  components 
to  lighten  the  structures  where  strength  is  not  of  major  importance. 
Shafts  will  be  hollow  where  possible.  This  effort  will  not  only  lighten 
the  control  but  will  also  aid  in  reducing  the  sensitivity  to  the  g  field. 

The  electronic  components  are  packaged  using  printed  cir¬ 
cuit  boards  with  solder  hook  terminals.  Transistors  are  used 
throughout  the  design  with  heat  sinks  provided  as  necessary.  The  en¬ 
tire  circuitry  is  encapsulated  in  an  epoxy  having  a  high  coefficient  of 
thermal  conductivity.  The  epoxy  also  serves  as  a  binder  for  support¬ 
ing  the  circuit  boards  in  the  g  field.  The  boards  will  be  oriented 
such  that  the  g  field  will  be  directed  perpendicular  to  the  boards, 
thus  loading  the  components  against  the  boards.  Heat  transfer  cal¬ 
culations  have  been  made,  assuming  lumped  parameters,  which 
reveal  a  maximum  temperature  rise  of  25°C  above  the  component 
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ambient.  The  component  ambient  is  assumed  to  be  fuel  temperature, 
since  the  package  will  be  inserted  into  a  cavity  in  the  fuel  housing.  At 
a  250°F  fuel  temperature,  therefore,  the  maximum  component  temper 
ature  of  the  electronic  elements  will  be  about  300°F.  The  electronic 
elements  are  capable  of  operation  to  350°F. 

Some  weight- saving  advantages  may  be  gained  through  the 
efforts  of  parallel  development  programs  in  certa;n  areas  of  design 
which  were  not  selected.  For  instance,  it  is  conceivable  that  the  fly¬ 
weight  type  speed  sensing  and  amplifying  system  described  in  para¬ 
graph  5.  1.  2.  1  can  be  made  to  work  with  good  accuracy  and  reliability. 
It  is  anticipated  that  a  savings  in  weight  and  space  could  be  achieved 
with  this  system.  Also,  the  method  of  governing  which  combines  the 
pneumatic  governor  with  the  mechanical  multiplier  described  in  para¬ 
graph  5.2.4,  although  not  affecting  weight  and  size,  would  most  likely 
be  less  costly. 


8.  FAILURE  ANALYSIS 


The  table  on  the  following  pages  outlines  the  results  of  a  pre¬ 
liminary  failure  analysis.  The  table  lists  each  component  in  the  fuel 
control  system,  the  possible  failure,  and  the  effect  of  this  failure  on 
the  performance  of  the  fuel  control.  The  components  referred  to  are 
depicted  in  Figure  7 

The  results  indicate  that  with  the  exception  of  failure  10,  all 
failures  will  result  in  a  lean  fuel  flow  or  a  complete  shutdown  of  the 
control  and  therefore  fail  safe.  Failure  10  can  be  made  fail  safe  by 
incorporating  a  check  valve  in  the  Pccj  line.  This  would  ensure  that 
fuel  could  not  enter  the  combustion  chamber  through  the  Pc(j  sensing 
line  and  therefore  failure  10  was  not  considered  in  more  detail. 

The  possibility  of  links,  shafts,  or  springs  breaking  is  remote 
and  therefore  was  not  considered.  Also,  a  failure  analysis  of  the  elec 
tronic  circuits  would  require  a  detailed  study  which  is  not  warranted 
in  this  part  of  the  program.  Moreover,  should  the  need  arise,  the 
electronic  control  can  be  designed  to  incorporate  a  fail-safe  circuit. 

The  analysis  presented  herein  is  preliminary  in  that  it  con¬ 
siders  only  the  effects  of  the  more  salient  modes  of  failure.  It  was 
conducted  to  ensure  that  components  were  designed  and  oriented  so 


76 


that  if  a 

failure. 

control, 


subcomponent  failure  occurred, 
During  the  course  of  a  detailed 
a  rigorous  failure  analysis  will 


it  would  result  in  a  safe 
design  of  the  proposed  fuel 
oe  conducted. 


77 


4 

4! 


I 


TABLE  (Cont'd) 


79 


81 


0° 


22,000 


20,790 

20,130 


19,11*0 

17,300 


9,500  (IDLE) 


0  200  U00  600  600 

TRUE  FLZOHT  SPUD  -  7  -  KNOT* 


Fig.  2.  Performance  Characteristic*  -  Model  357-1  Tip  Turbojet  Engine. 
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Fig.  3 


Example  of  Generalized  Performance  Curves  Used  in  Esti¬ 
mating  Condition  Parameters  Under  Rotor  Environment  - 
Model  357-1  Tip  Turbojet  Engine. 
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Fig.  4.  Estimated  Performance  Characteristics  Under  Rotor  Condi¬ 
tions  -  100  Percent  Power,  125  Knots  -  Model  357-1  Tip 
Turbojet  Engine. 
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VARIATION  III  TURBINE  INLET  TEMPERATURE  (  AT^)  AND  FUEL  FLOW  (  AWf ) 


DUET  MACH  NUMBER 


Fig.  5.  Estimated  Performance  Characteristics  Under  Rotor  Condi¬ 
tions  -  60  Percent  Power,  100  Knots  -  Model  357-1  Tip  Turbo¬ 
jet  Engine. 
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Rotor  Tip  Fuel  Control  System. 
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Fig.  9.  Rotor  Tip  Fuel  Control  -  Engine  Fuel  Flow  Requirements,  Altitude  -  Sea  Level 


Fig.  9a.  Altitude  -  10,000  Feet 


CORRECTED  TO  NASA  STANDARD  CONDITIONS  AT 


Fig.  9b.  Altitude  -  20,  000  Feet. 
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Fig.  9c.  Altitude  -  30,  000  Feet 
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Fig.  10.  Rotor  Tip  Fuel  Control  -  Fuel  Control  System. 
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Fig.  II.  Rotor  Tip  Fuel  Control  -  Inlet  Throttling  Regulator. 
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Fig.  12.  Rotor  Tip  Fuel  Control  -  Inlet  Throttling  Regulator  Performance,  Boost 
Pressure  Versus  Metered  Flow. 
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Fig.  13.  Pump  Single  Element. 
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METERING  HEAD  ADJUSTMENT 


Fig.  15.  Rotor  Tip  Fuel  Control  -  Metering  Head  Regulator. 
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Fig.  17.  Rotor  Tip  Fuel  Control  -  Metering  Valve  Area  Profile,  Depth  of 
Cut  Versus  Stroke. 


Fig.  18.  Rotor  Tip  Fuel  Control  -  Pressurizing  Valve. 
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Fig.  21. 
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Fig.  22 
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Fig.  23.  Rotor  Tip  Fuel  Control  -  Pctj  Amplifier,  Steady  Versus  Pccj. 
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Fig.  24.  Rotor  Tip  Fuel  Control  -  Pctj  Amplifier ,  Force  Output  Capability  Versus  Pccj 
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Fig.  25.  Rotor  Tip  Fuel  Control  -  3D  Cam  Acceleration  Schedule,  Cam  Radius  Versus 
Angular  Position  and  Compressor  Inlet  Temperature. 
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Fig.  28.  Rotor  Tip  Fuel  Control  -  Engine  Speed  Sensor  and  Amplifier. 
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Fig.  29.  Rotor  Tip  Fuel  Control  -  Timing  Diagram. 
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Fig.  30.  Rotor  Tip  Fuel  Control  -  Step  Motor  Translator. 
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31.  Rotor  Tip  Fuel  Control  -  Step  Motor  Translator  Timing  Diagram. 
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Fig.  34.  Rotor  Tip  Fuel  Control  -  Logic  Circuits. 
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Fig.  35.  Rotor  Tip  Fuel  Control  -  B  +  Regulated  Power  Supply. 


12  2 


V\AA j 

r.M.  OUTPUT  SIGNAL 

RSQUIRSD,  ACCURACY  «1%  RMS  SRROR 
TU».  RAMOS  I  -65«F.  to  250*P. 

ACCSL.  RAMOS i  3*7f  MAX.  CMVZRONMBMT 

SHOCK  i  3  Of  »  10  MS 

VIBRATION  i  20«  0-2KC 

Fig.  38.  Rotor  Tip  Fuel  Control  -  Basic  Transducer  Function. 
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Fig.  39.  Rotor  Tip  Fuel  Control  -  Analog  Pressure  Sensor  With  F.M. 
Signal  Transducer. 
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Fig.  40.  Pr«i«ur«  Transducer  Evaluation. 
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Fig.  41.  Rotor  Tip  Fuel  Control  -  F.  M.  Pressure  Transducer  With 
Sensor  Pickup. 
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SECTION  D-0 


Fig.  46.  Engine  Fuel  Control 


m 

REFERENCES 


Preliminary  Purchase  Specification  No.  8-42,  Fuel  Control 
System  for  CAE  M:del  357-  1  Turbojet  Engine,  Continental 
Aviation  and  Engineering  Corporation,  Detroit,  Michigan, 

6  August  1963. 

Preliminary  Purchase  Specification  No.  8-38,  Fuel  Control 
System  for  CAE  Model  356-27  Turbojet  Engine,  Continental 
Aviation  and  Engineering  Corporation,  Detroit,  Michigan, 

15  April  1963. 

Model  Specification  No.  2157-C,  Engine,  Aircraft,  Turbojet: 
J69-T-29,  Continental  Model  356-7A,  Continental  Aviation 
and  Engineering  Corporation,  Detroit,  Michigan,  25  September 
1958,  revised  18  October  I960,  with  Amendment  No.  1,  dated 
5  April  1961. 
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APPENDIX 


g  LOADING  EFFECT  ON  SPRINGS  AND  BELLOWS 


SPRINGS 

Calculations  were  made  to  establish  the  effects  of  g  loading 
directed  laterally  to  the  axis  of  the  spring  with  regard  to  its  axial 
deflections.  The  calculations  were  based  on  classical  solutions 
which  consider  the  spring  as  a  beam  with  the  bending  moment  at  any 
section  applied  as  either  a  torsion  load  or  bending  load  depending 
upon  angular  location.  Two  extreme  conditions  were  set  up: 

1.  Consider  the  spring  with  fixed  ends. 

2.  Consider  the  spring  with  pinned  ends. 

It  is  believed  that  the  situation  which  will  actually  exist  in  the 
application  will  be  something  in  between  the  two  conditions.  It  is  to 
be  noted  that  the  results  of  a  sample  calculation  for  a  typical  spring 
which  could  be  used  in  the  control  is  just  within  tolerable  limits  for 
the  pinned  end  calculation,  while  well  within  the  tolerable  limits  for 
a  fixed  end  calculation. 

Preliminary  tests  were  conducted  at  CECO  using  several 
typical  springs  taken  from  our  fuel  controls  to  determine  the  effect 
of  a  load  applied  lateral  to  the  spring  axis.  The  spring  was  set  in  a 
spring  testing  machine  and  a  lateral  load  applied  at  the  center  coil  by 
means  of  a  fish  scale.  The  load  was  equivalent  to  three  hundred  times 
the  weight  of  the  spring.  For  a  constant  load  there  was  no  perceptible 
axial  deflection  of  the  spring.  This  test  is  actually  more  severe  than 
that  which  exists  under  300g  since  the  load  was  concentrated.  The 
results  were  the  same  for  all  of  the  springs  tested,  five  in  all. 

The  equations  generated  for  the  fixed  end  spring  follow: 

R  p  N 

Torsion  Stress  =  2. 09g  -  (I) 

r 

P  p  / RN  \ 2 1 2 

Change  in  Axial  Length  =  0.  538  j^g  —  ^ -  J  J  (2) 
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where  g 


number  times  gravity 


R  =  coil  radius,  in. 

r  =  wire  radius,  in. 

p  =  wire  density,  lb/h*.  ^ 

E  =  wire  modulus,  p.  s.  i. 

N  =  No.  coils/inch 

L  ~  axial  length 

For  a  pinned  end  spring 

R  p  N 

Torsion  Stress  =  3.  14g  -  L2 

r 

r  p  /RN 

Change  in  Axial  Length  s  13.9  |^g  —  \ 


Change  in  End  Slope 

P  /  RN 

7.58g  -  [  - 

E  \  r 

Assuming  a  spring  of  the  following  dimension 

r  =  0.  075  in. 

N  =  4. 3 

R  =  0.  54  in. 

p  =  0.  283  lb/in. 

L  -  1 . 4  in. 

E  =  30  x  106  p.  s 

with  a  300g  load  applied, then 

Additional  stress 

. 

16,  000  p.  s.  i. 

Axial  deflection 

= 

0.  001  in. 

Axial  load  change 

= 

0.  1  lb 

Change  in  end  slope 

= 

0.  055  radian 

For  the  same  spring  with  fixed  ends 

Additional  stress  =  10,  700  p.  s.  i. 

Axial  deflection  =  0.00004  in. 

Axial  load  change  =  0.  004  lb 

Change  in  end  slope  is  zero. 

Assume  a  spring  to  be  rigidly  attached  to  its  spring  supports 
and  the  spring  supports  mounted  on  a  pair  of  ball  bushings  0.  5-inch 
long  and  having  a  0.003 -inch  diametrical  clearance  with  the  shaft. 
Then,  the  largest  change  in  end  slope  would  be  0.006  radian.  This 
is  almost  ten  times  less  than  that  which  would  be  obtained  with  a 
pinned  end  spring.  Therefore,  the  performance  of  the  springs  will 
most  nearly  approach  that  for  the  fixed  end  calculations  and  the  effect 
of  the  laterally  applied  g  load  will  be  nil. 

Bellows 


A  similar  set  of  calculations  was  performed  on  a  bellows. 
However,  only  fixed  ends  were  considered  in  this  case  due  to  the 
manner  in  which  the  bellows  will  be  mounted.  Also,  if  twc  bellows 
are  used  in  opposition  to  each  other  and  relatively  short  strokes  are 
experienced,  the  bellows,  if  affected  by  the  g  load  at  all,  would  have 
a  cancelling  effect  upon  one  another. 

The  resulting  equation  follows: 

W  L3 


24  PR  d  2 

,  inches 

(6) 

2gt  (d  +  i), 

lb/in. 

(7) 

where 

f  =  deflection  at  mid- section,  inches 
L  =  length  of  active  portion  of  bellows,  inches 

P  =  length  of  one  convolution  (pitch),  inches 
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R  =  spring  rate  per  convolution,  lb/in. 

W  =  empirical  loading  due  to  acceleration  (g), 
lb  per  inch  of  bellows  length. 

t  =  bellows  wall  thickness,  inches 

i  =  bellows  inside  diameter,  inches 


For  a  typical  bellows  design 

Bellows  OD  =  0.750  inch,  ID  -  0.  570  inch. 

Effective  area  =  0.  34  sq.  inch 

Pressure  rating  =  186  p.  s.i. 


Wall 
Stroke 
Convolutions 
Spring  rate  of 
Mass  per  unit 


=  0.  0025  in. 

=  0.  100  in. 

=  9,  of  0.  048  in.  pitch  =  0.  432  active  length 
a  single  bellows  =  41.6  lb/in. 
length  of  the  bellows  =  0.  0066  lb 


Then  the  lateral  deflection  at  300g,  using  Equations  6  and  7,  will  be 
0.  00066  inch.  This  results  in  an  fexial  deflection  of  2.  1  x  10*6  inches  or 
a  force  change  of  88  x  10 "6  pounds;  obviously  a  negligible  amount. 
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